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Diacylglycerol (DAG) lactones have provided a powerful platform for structural exploration of the interactions
between ligands and the C1 domains of protein kinase C (PKC). In this study, we report that
DAG-dioxolanones, novel derivatives of DAG-lactones, exploit an additional point of contact (glutamine
27) in their binding with the C1b domain of PKCMutation of this point of contact to glutamate selectively
impairs binding of the DAG-dioxolanones compared to that of the corresponding DAG-lactones (1200- to
3000-fold versus 35- to 55-fold, respectively). The differential response of this mutated C1b domain to the
DAG-dioxolanones relative to the DAG-lactones provides a unique tool to probe the role of the C1b domain
in PKCo function, where the response to the DAG-lactones affords a positive control for retained function.
Using this approach, we show that the C1b domain of PIgays the predominant role in the translocation

of PKC) to the membrane in the presence of DAG.

one of multiple families of proteins that have appropriate C1
domains to act as DAG receptdr§he other DAG responsive
families include the PKD family,a distinct class of serine/
threonine kinases; the chimaerin famiinhibitors of p21Rac;
the munc-13 family}! proteins involved in synaptic vesicle
priming; the RasGRP famil{212 guanyl nucleotide exchange
factors for Ras and Rap1; and the DAG kinase faiilywhich
functions to abrogate DAG signaling, thus providing negative
feedback on DAG signaling pathways. Of these C1 domain-
containing families, the PKC family is the best-studied mediator
in the DAG signaling pathway and an important target for drug
development.

The PKC family of serine/threonine kinases consists of 10
members that are divided into three classes: (i) the classical

PKCs (cPKCay, I, fSll, y); (i) the novel PKCs (nPKC$, ¢,
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mail.nih.gov. their N-terminal regulatory region that bind to DAG in aCa

Introduction

The lipophilic second messenger diacylglycerol (DAG
produced through hydrolysis of phosphatidylinositol 4,5-bis-
phosphate (P by the activation of receptor-coupled phos-
pholipase C (PLC) or indirectly from phosphatidylcholine via
phospholipase B plays a central role in signal transduction of
numerous physiological and pathological events including
proliferation, differentiation, apoptosis, angiogenesis, and drug
resistancé:® These diverse functions of the DAG signal are
realized through binding with high affinity to a class of zinc
finger structures, the so-called “C1 domains”. C1 domains were
first identified in PKC as the interaction site for DAG and
phorbol esterg It is now recognized, however, that PKC is only
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dependent (cPKCs) or -independent manner (nNPKCs). Besides
C1 domains, the regulatory region of the cPKCs and nPKCs
also contains a pseudosubstrate domain, which can interact with

the catalytic site of the C-terminal kinase domain to inhibit the

kinase activity. Binding of DAG to the C1 domain completes a
hydrophobic surface on the C1 domain, favoring its interaction

2 Abbreviations: CAN, ceric ammonium nitrate; CHO, Chinese hamster with the membrane and causing the membrane translocation of

ovary; DAG, diacylglycerol; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene;
DMAP, dimethylaminopyridine; DMS, dimethyl sulfide; DNA, deoxy-

the whole PKC proteid® This DAG-C1 domair-membrane

ribonucleic acid; FABMS, fast atom bombardment mass spectra; GFP, greeninteraction is coupled to a conformational change in PKC,

fluorescent protein; GST, glutathiosgransferase; HAART, highly active
antiretroviral therapy; HIV/AIDS, human immunodeficiency virus/acquired
immune deficiency syndrome; IL-6, interleukin 6; IPTG, isoprofyb-
thiogalactopyranoside; LB, Luria broth; LDA, lithium diisopropylamide;
LIHMDS, lithium hexamethyldisilylazide; MsCl, methanesulfonyl chloride;
NMR, nuclear magnetic resonance; OD, optical density; PCC, pyridinium
chlorochromate; PCR, Polymerase chain reaction; PDBu, phorbol 12,13-
dibutyrate; PIR, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase
C; PKD, protein kinase D; PLC, phospholipase C; PMA, phorbol 12-
myristate-13-acetate; PMP;methoxyphenyl; pTsOHp-toluenesulfonic
acid; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electro-
phoresis; SEM, standard error of the mean; THF, tetrahydrofuran; TLC,
thin layer chromatography.

10.1021/jm0702579 CCC: $37.00

causing the release of the pseudosubstrate domain from the
catalytic site and thereby activating the enzyine.

Multiple classes of high-affinity ligands for the C1 domains
of PKCs have been described. These ligands include the
diterpenes such as the phorbol esters, macrocyclic lactones such
as the bryostatins, polyacetates such as aplysiatoxin, or indole
alkaloids such as teleocidii Unfortunately, with the exception
of the indole alkaloids, the complicated structures of these
ligands have largely prevented their further development through
medicinal chemistry. Taking advantage of the DAG derivatives,
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a(a) NaH, BnOH,A; (b) PCC, 4 A molecular sieves, GEly; (c)
allylmagnesium bromide, THF; 78 °C; (d) BHs*SMe,, THF, —78°C; (e)
PCC, CHCly; (f) LIHMDS, RCHO, THF, —78 °C; (g) (i) EtN, MsClI,

CH,Cly, 0 °C — room temp; (ii) DBU; (h) CAN, CHCN, H;O, 0°C; (i)
Et;N, DMAP, RC(O)CI, CHClz, 0 °C — room temp; (j) BG4, CH.Cly,
—78°C.

in which the flexibility of the structure has been constrained to

reduce the entropic loss due to bindifigpur group has
developed a series of DAG-lactones wiKhvalues for binding
to PKC approaching those of phorbol estErghese structures

Choi et al.

Table 1. Inhibitory Dissociation Constant¥{() of DAG-lactones and
Corresponding DAG-dioxolanones for P&

sn-1

sn

S

HO HO HO \
E,zZ- 5 Ezs
DAG-lactone DAG-dioxolanones
(logP =4.27) Ki (nM) (logP =3.82) Ki (nM)
Z-124 2.90+0.35 E,Z-4° 6.41+ 0.76
Z-2 3.49+ 0.57 5¢ 19.83+ 0.52
Z-3 3.07+0.40 E,Z6P 5.78+ 0.95

a2 TheK; values were measured by competitive binding of the compounds

have provided promising lead compounds for selective actions for the receptor againsfifJPDBu. Each value is an average of three

mediated by subsets of the DAG-responsive protEifd€They
likewise have proven to be powerful tools for probing the

independent experiments, expressed as the me&EM. The partition
coefficients (logP) were calculated according to the atom-based program
MOE SLog P2 b Mixture of E andZ isomers.® Single geometric isomer

detailed molecular interactions underlying ligand binding to the (E or 2).

C1 domaing’

In this study, we describe the characterization of dioxolanone
analogues of the DAG-lactones. These compounds were pre-
dicted by molecular modeling to incorporate an additional site

of interaction within the binding cleft of the C1 domain.

Consistent with this prediction, we show that these compounds
are orders of magnitude more sensitive to disruption of this
predicted site of interaction through mutation of the C1 domain.

Chemistry
As illustrated in Scheme 1, target DAG-lacton&s-8, Table

1) were synthesized in racemic form starting from commercially
available glycidyl-4-methoxyphenyl ether, according to meth-

odology previously developed in our laboratfy?2 As before,
the DAG-lactones were successfully separated into Bednd
Z-isomers. The vinyl proton of th&-isomers displayed a
characteristic multiplet ai 6.20-6.24, while the corresponding
signal for theE-isomer appeared more downfield @t6.72—
6.78. The final target DAG-lactones appear in Table 1.

Our strategy for assembling the functionalized DAG-diox-

olanone targets focused on constructing a central 1,3-dioxolan-

4-one skeletonXll ) that could be elaborated in a manner similar

to the DAG-lactones (Scheme 2). Accordingly, reaction of

common intermediatd with commercially available 3-chloro-
1,2-propanediol under acidic conditions ga¢eBase-catalyzed

Scheme 2
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a(a) 3—Chloro—1,2—propaned|o|, pTsOHLO, CsHe, A; (b) KO'Bu, THF,
A; (c) (i) Os, MeOH/CHCI,, —78 °C; (ii) DMS, room temp; (d) (i)
LIHMDS, THF, —78 °C; (ii) RCHO; (e) (i) E&N, MsCl, CH.Cly, 0 °C —
room temp; (i) DBU; (f) CAN, CHCN, H0; (g) EtN, DMAP, RC(O)Cl,
CH,Cl,, 0 °C — room temp; (h) BG, CH.Cl,, —78 °C.

Results
Binding Potencies of the DAG-dioxolanones Were Main-

tained at the Level of Their Corresponding DAG-lactones.

The potencies of the three DAG-dioxolanones prepared were

elimination, followed by ozonolysis of the resultant double bond first evaluated for binding to PK&, which has been our routine

gaveXll , the dioxolanone equivalent to DAG-lactoive. Aldol-
type condensation ofll with either 3-isobutyl-5-methylhexanal
or isovaleryl aldehyde gavlll , which was not purified but
immediately subjected to elimination conditions to gixg/ .
Deprotection of the PMP group followed by acylation led to

assay for the DAG-lactones. The binding affinities of the parent
DAG-lactones were measured for comparison, and for simplicity
only the data for theZ-isomers are included (Table 1). The
differences in potencies betwe&n and E-isomers for DAG-
lactones are small and vary from 1.1- to 1.8-fold, generally in

XVI, and upon debenzylation, the desired racemic 1,3-dioxolan- favor of theZ-isomer. All the DAG-dioxolanones were potent

4-one analogue VIl , 4—6) were obtained. In the case of the

ligands, withK; values 2- to 6-fold weaker than those of their

DAG-dioxolanones, all the final compounds were obtained as corresponding DAG-lactones. These results indicate that the

inseparable mixtures d&- andZ-isomers except fob, which

introduction of the oxygen in the ring system to form the

was obtained as a single isomer whose geometric stereochemedioxolanone ring was well tolerated. However, the anticipated

istry could not be determined. The final target DAG-dioxol-
anones appear in Table 1.

formation of an additional hydrogen bond did not lead to an

overall enhancement in binding, implying that the additional
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Posilon in infact PKCS 231 242 251 253 257 280
PKC8 C1b: HRFKVYNYMSPTFCDHCGSLLWGLVKQG LKCEDCGMNVHHKCREKVANLC
Position in solated 3C1b 1 27 50

Figure 1. Docking prediction of interactions between C1lb domain of BKDd DAG-dioxolanoned—6 (Z-isomers). The amino acid sequence

of the C1b domain of PK&is shown in the upper panel. The residues that form hydrogen bonds with the DAG-dioxolanones are marked in red.
The added oxygen in the ring structure forms a new hydrogen bond with the glutamine residue (GLN 257), as shown in the yellow circles. The
indicated glutamine residue is underlined both in the upper panel and in the lower pictures. The DAG-dioxolanone structure is shown in green.

binding energy of this hydrogen bond was counterbalanced by Table 2. Inhibitory Dissociation Constant() of the Dioxolanones

a poorer overall fit into the C1 domain (vide infra). (4—6) and Their Corresponding DAG Lactone& 1, Z-2, Z-3) for the
Prediction from Computer Modeling of an Additional Site Wild-Type C1b Domain of PK@ (wt 6C1b) and the Glutamate Mutant

of Interaction in the PKC  C1b Domain upon Conversion (Q27EY

of the DAG-lactone to the Corresponding DAG-dioxolanone. Kwwocio (M) Kqazescin (M) Kozresca/Kuwiscib
DAG-lactones have provided a powerful platform for probing  4v 0.824 0.07 2510+ 220 3070

the interactions of ligands with the C1 domains. Our modeling ZtglC 1.1540.07 44.8+ 4.5 39
studies of these binary complexes have identified two alternative 5’ 2.82:+0.36 3460+ 210 1230
binding modes, designated as-1 or sn-2, depending on the £2 0.9640.09 °3.0£3.7 >
pinding , desig orsmz, dep gon 6" 0.90+ 0.07 1720+ 160 1910
identity of the carbonyl engaged in binding to the protein. The zzc 213+ 0.15 7372+ 5.3 35

sn1 binding mode is defined as that in which gl carbonyl PDBu 0.33+0.05 6.2+ 1.0 19

is hydrogen-bonded to the C1 domain, and for the alternative  athek; values were measured by competitive binding of the compounds
sn2 binding mode, it is then2 carbonyl that appears directly  for the receptors againstH]PDBu. Each value is an average of three
engaged in hydrogen bonding to the protein. Although from ind_ependent experiments, expressed as the meBEM. Ratios oK values
the modeling perspective both binding modes appear to form (third column) of Mutant toK values of wild type K; for DAG-lactones
. . ... and DAG-dioxolanonesKy for PDBU) indicate the change in potency.

an identical network of hydrogen bonds as was observed With b 5 _gioxolanonese DAG-lactones.
phorbol 130-acetate, we have determined that DAG-lactones
bind preferentially in thesn-2 binding mode526 This binding an overall enhancement in binding because it was counterbal-
mode is additionally enhanced by the presence of highly anced by the pooresn1 binding mode involving the confor-
brancheda-alkylidene side chains, which lie adjacent to the mationally flexiblesn1 carbonyl rather than the conformation-
sn-2 carbonyl. In such binding mode the orphsmrl carbonyl ally rigid lactone carbonyl, thus voiding the entropic advantage
binds at the membrane interfate® of the sn2 binding mode.

We performed computational docking studies to predict the  The Glutamine Residue of the IsolateddC1lb Plays an
binding mode and the interactions formed between the *KC Important Role in Binding by the DAG-dioxolanones but
C1b domain and the new DAG-dioxolanone compounds. The Not by the Corresponding DAG-lactones.To verify the role
computer modeling demonstrated that the added oxygen couldof GIn257 in the interaction with the DAG-dioxolanones, we
form an additional hydrogen bond in the binding cleft of the used site-directed mutagenesis to convert the glutamine (GIn)
0C1b domain with the side chain of the glutamine residue at to glutamate (Glu). For ease of analysis, we performed the site
position 257 (numbered as position 27 in the isolab&ilb directed mutagenesis on the isolated C1lb domain of PKC
domain)only in the less favorablen1 binding mode. This (where the glutamine is in position 27 relative to the start of
glutamine residue, although important for the structural integrity the C1b domain, with the mutant thus designated Q27E). The
of the C1 domair¥/ is not predicted to interact with the DAG-  Clb mutant (Q27E{C1b) was expressed and purified as a GST-
lactones directly. In then1 binding mode, four amino acids  fusion protein fromE. coli. Scatchard analysis was performed
are predicted to form hydrogen bonds with the DAG-dioxol- to determine the dissociation constal)(of the Q27EdC1b
anones (marked in red in the upper panel of Figure 1). Thr242, mutant for binding to JH]PDBu. TheKy value we obtained
Leu251, and Gly253 form three hydrogen bonds with the was 6.2+ 1.0 nM (three experiments, meanSEM). Compared
hydroxyl group and thesnt1 carbonyl group respectively on  with the K4 of the wild-typedC1b for PDBu (0.33+ 0.05 nM,
the side chain of the DAG-lactone backbone. The added oxygenthree experiments, meah SEM), the binding potency of the
in the ring system (marked with a yellow dashed circle in each Q27EHC1b mutant was decreased about 20-fold (Table 2). Such
image in Figure 1) forms the fourth hydrogen bond with the an effect on binding of3H]PDBu was not unexpected, given
GIn257 residue (underlined in the figure). As discussed in the the important role of this residue in the overall folding of the
previous section, this additional hydrogen bond did not lead to C1 domairg” Although this residue has been predicted not to
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Figure 2. Dose response curves of the DAG-dioxolanones @) and their corresponding DAG lactones—B) for binding to isolated wild-type

C1b domain (w#C1b) and the C1lb mutant (Q27&21b) of PKG). The curves were obtained from the competitive binding of these compounds
in the presence ofH]PDBu. Each curve is from a single experiment. All experiments were performed at least two additional times, with similar
results: (A, D) dose response curves for the DAG-dioxolanbaad its corresponding DAG-lactorzel; (B, E) dose response curves for DAG-
dioxolanoneb and its corresponding DAG-lactore?2; (C, F) dose response curves for DAG-dioxolan@nend its corresponding DAG-lactone

Z-3.

interact with phorbol esters directly, it forms bridging hydrogen
bonds at the point where the largesheet of C1b comes apart
at one end of the binding grooveéHowever, by the replacement
with a very similar amino acid, glutamate, the folding could
evidently be maintained for binding to PDBu with an affinity
in the 10° M range. For comparison, all binding activity for
PDBu was lost upon mutation of GIn27 to Gly or Trp, and
binding affinities were reduced to 22 or 105 nM upon mutation

to Val or Thr, respectively’ interactions with ligand&?28 Does the dioxolanone ring also
TheK; values of the DAG-dioxolanones-6 for the Q27E/ form a new interaction with thédCla domain through the
0C1b mutant were measured and compared with those for theglutamine residue at the indicated position? To answer this
wild-type 6C1b domain. Dramatic differences were observed question, we mutated the glutamine residue at position 27 of
between the wild-typéC1b and the Q27BLC1b mutant in the the isolatedyCla domain into glutamate as had been done for
binding to the DAG-dioxolanones. All the DAG-dioxolanones the §C1b domain. Then we examined the binding affinity of
bound to the Q27BIC1b mutant with a much weaker binding  the Cla mutant (Q27BC1a) for the DAG-dioxolanoné. The
affinity compared with the wild type (Figure 2AC). For result was clearly different from what we observed with the
example,4 bound to the wild-type Clb with &; of 0.82 + Q27EHC1b mutant. First, the binding affinity of the Q27E/
0.07 nM (three experiments, mean SEM), whereas for the ~ §Cla mutant for PDBu was greatly reduced. The wild-§@da
mutant theK; was 2510+ 220 nM (three experiments, mean potently bound PDBu with &g of 2.044 0.24 nM (Table 3).
SEM) (Figure 2A, Table 2), corresponding to a 3000-fold However, after mutation, thi€q increased to 383 15 nM for
decrease in binding potency. The other two DAG-dioxolanones a 200-fold decrease of the binding potency. Compared to the

absence the DAG-dioxolanones would bind correspondingly
more weakly in thesn-1 binding mode.

Does the Glutamine Residue (Q27) in the IsolatedCla
Domain Play a Similar Role in the DAG-dioxolanone
Interaction? Glutamine residue Q27 is highly conserved among
different C1 domains including the Cla and C1b domains of
PKCo (see Figure 4A), but it is becoming increasingly clear
that different C1 domains show substantial differences in their

5 and6 (Figure 2B,C; Table 2) behaved similarly.

C1lb mutant (Q27B/C1b) Kyq = 6.2 + 1.0 nM, Table 2), the

In contrast to the dramatic decreases in binding potencies of 6Cla mutation (Q27B/C1a) had a much greater effect on the

the DAG-dioxolanones to the Q27¥Z1b mutant, the binding
affinities of the corresponding DAG lactongsl, Z-2, andZ-3

phorbol ester binding, suggesting that the glutamine residue
(Q27) plays a much more critical role in the protein folding of

showed much more modest decreases of 35- to 55-fold, similar6Cla. Second, the binding affinities of the Q2#dELa mutant

to the 20-fold decrease in potency for PDBu (Figure—2D

for the DAG-dioxolanone and the corresponding DAG lactone

Table 2). Our results support the prediction from the molecular were decreased to a similar degree. As shown in Table 3, both

modeling that the GIn will provide a unique interaction with

the DAG-dioxolanonet and the DAG-lacton&-1 bound the

the ring oxygen of the dioxolanone. They are likewise consistent wild-type 6Cla with high potencyk; values of 4.31+ 0.13

with the prediction from the studies with the wild-type C1

and 1.21+ 0.11 nM, respectively). However, after mutation,

domain, that the lack of enhanced potency in the presence ofthe K; values increased to 156 58 and 476+ 6 nM,

the additional hydrogen bond to the GIn implies that in its

respectively. There were 390- and 360-fold decreases of the
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Figure 3. Representative structures from molecular dynamics simulations of C1 domains in the membrane environment. The center of the bilayer
is indicated by a solid line, and the interfacial region is located between the two dashed lines. Hydrogen bonds to the ligands are indicated by
gold-colored lines: (A) DAG-lactong-1 boundsn2 to PKG) C1b; (B) DAG-dioxolanoneZ-4 boundsn1 to PKG) Clb; (C) DAG-lactoneZ-1

boundsn1 to Q27E/PK®@ C1b; (D) DAG-dioxolanone&Z-4 boundsn2 to Q27E/PK®@ C1b; (E) DAG-lactone&Z-1 boundsn-2 to PKG) Cla; (F)
DAG-dioxolanoneZ-4 boundsn1 to PKG) Cla; (G) DAG-lacton&Z-1 boundsn1 to Q27E/PK® Cla; (H) DAG-dioxolanon&-4 boundsn-2 to
Q27E/PK® Cla.

binding potencies of the DAG-dioxolanone and the correspond- then underwent molecular dynamics simulation for 10 ns, over
ing DAG-lactone, respectively, for the Q278 1a mutant. The  the course of which an ensemble of 100 snapshots of its structure
approximately equal loss of the binding potency for PDBu, the was collected. We then calculated the average hydrogen-bonding
DAG lactone, and the DAG-dioxolanone implies that the interaction energy between the C1 domain and the DAG-lactone
glutamine residue (Q27) in thiBC1a domain has a greater effect or DAG-dioxolanone for each ensemble (Table 4).

on the domain structure and function than the corresponding In both the wild-typedC1b anddCla domains, DAG-lactones
mutation in thedC1b domain, since it abrogates binding with bind more strongly in thesn-2 orientation but DAG-dioxol-

all ligands and not just the DAG-dioxolanones which form anones prefer to bindn-1. This is consistent with our earlier

specific interactions with residue Q27. results from simulated annealing simulations in vacéfuamd
Modeling the Dynamic Behavior of C1 Domains in the our predictions from the docking studies suggesting that the
Membrane Environment. The sequences of PKCC1b and DAG-dioxolanones can form an extra hydrogen bond to the C1

Cla are 42% identical, and the zinc-binding residues and domain in thesn-1 binding mode. With the mutant Q27¥Z1b
residues essential for ligand binding are completely conserved.and Q27ECla domains, however, the situation is exactly
This suggests that the backbone structures of these two Clreversed: DAG-lactones prefer tteg1 binding mode, and
domains are very similar. An examination of the static structure DAG-dioxolanones prefer to bingn-2. In the DAG-lactones,
of 6C1b compared to a homology modeldfla does not offer  although they do not form a stable hydrogen bond with GIn27,
any insight of why mutation of Q27 in these two domains has the sn-2 binding mode is favored in part because of transient
such widely different effects on ligand binding. To address this weak interactions between atona Nf GIn27 and thesn-1 ester
issue, we performed molecular dynamics simulations of DAG- oxygen atoms. These become unfavorable repulsive interactions
lactone Z-1 and the corresponding DAG-dioxolanode(Z- when GIn27 is mutated to Glu and the side chain nitrogen is
configuration) bound in thenl andsn2 orientations to the replaced by an oxygen, so tke-1 binding mode in which no
PKCo Cla and Clb, Q27BC1la, and Q27B/C1b domains. polar atoms in the ligand are close to Glu27 is now preferred.
We have shown previousiythat interactions between the C1  With the DAG-dioxolanones, the hydrogen bond at the close
domain, its ligands, and the membrane environment are essentiatontact between the extra ring oxygen and atoemoNGIn27
to understanding the structure and function of PKC. To take becomes a heavy liability when GIn27 is mutated to Glu, and
this into account, the simulations used an implicit solvent model thesn-2 binding mode is an improvement, although here as with
that approximates the solvation effects of a lipid bilayer the DAG-lactones, there will still be unfavorable interactions
membrane, including the heterogeneous dielectric environmentwith Glu27 and thesn-1 ester oxygens.
of the membrane interfacial region where water interacts with  Representative structures from each simulation, with ligands
the lipid headgroups and glycerol backbofes. in their favored binding modes, are shown in Figure 3. In all
A starting configuration for each system was generated by cases the C1 domains remain close to their starting configuration
translating and rotating the C1 domains to a position as with the binding site loops buried in the interfacial region on
hypothesized® with the top part of the C1 domain near the one side of the membrane. The wild-typ&1b domain (Figure
binding site inserted partially into the membrane. Each system 3A,B) retains its crystal conformation, and the ligand remains
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A 159 185 208
PKC3 Cla: HEFIATFFGQPTFCSVCKEFVWGLNKQGYKCRQCNAAIHKKCIDKIIGRC
231 257 280

PKCS Clb: HRFKVYNYMSPTFCDHCGSLLWGLVKQGLKCEDCGMNVHKKCREKVANLC

Wild type (PKC3-GFP) — wtCila - wt/Clb —

C1b mutant (Q257E/PKC5) —  wt/iCla - Q257E/C1b —

C
0 min
D
1 min
E
10 min

Figure 4. Confocal microscopy comparing membrane translocation of the wild-type full lengthyREEP and its C1b mutant (Q257E/PKC
GFP) by the dioxolanonin living CHO-K1 cells: (A) amino acid sequence alignment of the C1a and C1b domains of RK@re the indicated
glutamine residue is shown in green; (B) time serial images showing the dynamic translocation of wild-ty@€5FRGo the plasma membrane
and internal membranes in living CHO-K1 cells after the applicatiod (20 uM); (C) time serial images showing the distribution of the C1b
mutant of PKG@-GFP (Q257E) after the application 4f(20 uM), with no membrane translocation observed; (D) time serial images showing the
dynamic translocation of the C1b mutant (Q257E) after the application of PMA)L (E) time serial images showing the dynamic translocation
of the C1b mutant (Q257E) after the applicatiorzef (20 «M), the DAG-lactone corresponding # The minutes in each panel represent the time
of drug treatment. Each experiment was performed at least three times with similar results.

B

Table 3. Comparison of the Binding Affinities of the DAG Table 4. Hydrogen-Bonding Interaction Energies (kcal/mol) between
Dioxolanone4, the DAG-lactoneZ-1 and PDBu for the Wild-Type Cla PKCo C1 Domains and DAG Ligands.
Domain of PKG (wt/6Cla), and the Glutamate Mutant (Q28E/La} 5C1b oCla Q27EIC1b Q27EéCla

Ka (NM) Ki (nM) DAG-lactonez-1 ~103.18 -99.09 -10428 —109.89
phorbol ester DAG-lactone  DAG-dioxolanone boundsn-1

PDBU 21 4 DAG-lactonez-1 ~106.68 —109.81 -10041  —76.76
boundsn2

\%ggfglﬁ ;’80331052 . ‘172611?) " 153?&5?3 DAG-dioxolanonez-4 —112.54 —109.48 —10452  —101.03
: ) : ' y ' boundsn1

Koz7elKua 188 393 364 DAG-dioxolanonez-4 —109.62 —105.38 —124.21  —102.18

aTheK; values were measured by competitive binding of the compounds boundsn-2
for the receptors againstH]PDBu. Each value is an average of three

independent experiments, expressed as the me&&EM. infra). A similar structure with a slightly opened binding site is
observed with the mutant Q27¥Z1b domain bound to DAG-
stably bound. The wild-typéCla domain structure is also stable lactone (Figure 3C), although here the second binding site loop
(Figure 3 E,F), although the binding site is opened about 1 A (residues 26-25) changes shape somewhat to allow residue
wider as measured from tip to tip across the top, and it does Glu27 to be fully solvated outside the interfacial region. With
not penetrate as far into the membrane asd@éb domain. the remaining mutant structures (Figure 3D,G,H), the binding
This may explain why théCla domain ligand binding affinity  site is severely distorted, with the second loop folded open to
is generally slightly lower (Table 2, 3) and why it has different lie nearly horizontal to the plane of the bilayer. The binding
membrane translocating abilities than #h€1b domain (vide site is a ful 6 A wider than in theYC1b domain crystal structure.
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These changes explain why the Q20€1b domain has lost  Treatment. To probe the role of the Cla domain, we mutated
the ability to bind DAG-dioxolanones, and the Q23Ela the corresponding glutamine residue in éii&la domain (Q185)
domain has lost all ligand binding ability. The changes in to glutamate to generate the Cla mutant (Q185E/GEP).
structure are driven by the necessity of solvating the mutant We found that, in contrast to the behavior of the C1lb mutant
Glu27 residue, which is pulled out of the interfacial region of (Q257E/PK®-GFP), membrane translocation of the Cla mutant
the bilayer by repulsive interactions between Glu27 and oxygen (Q185E/PK®@-GFP) was easily detected after the application

atoms in the DAG-dioxolanones and, in the case ofdda of DAG-dioxolanone4 (20 uM) (Figure 5B), as was likewise
domain, a lower membrane affinity in general. observed for PMA (Figure 5C) and the DAG-lactané (Figure
Roles of the Individual C1 Domains in Membrane Trans- 5D). This result argues that the Cla domain is not necessary
location of Intact PKCd in Response to DAG-dioxolanone  for translocation of PK@ by either phorbol ester or DAG
Treatment in Living CHO Cells. (a) Mutating the Glutamine analogues in the presence of a functional C1b domain. Although

Residue (Q257) in the C1b Domain of Full-Length PK® the Cla/DAG-dioxolanone interaction had been inhibited in the
Prevented Its Membrane Translocation in Response to ~ Clamutant, the strong C1b/DAG-dioxolanone interaction drove
DAG-dioxolanone Treatment. The dramatic effect of the Q27E  the whole PK@ molecule to the membrane. However, it should
mutation on the binding to the Clb domain of the DAG- be noted that without the binding to the Cla domain, the plasma
dioxolanones, with a much more modest effect on the binding membrane |0C?“Za“0n of the whole PKGnolecule seemeq
by phorbol esters or the DAG-lactones, now provides us with {0 be less persistent and clear. The Cla mutant was more likely
a powerful tool for probing the role of this domain in PKC 10 translocate to the internal membranes. This behavior was most
function. Previously, an important role for the C1b domain had €vident in the PMA and the DAG-lactone-treated Cla-mutant-
been indicated by using a P11G mutation, which dramatically €xpressing cells (Figure 5C,D). As shown in Figure 5C, the
reduces PDBu binding affinit§?3° An underlying problem with Cla mutant translocated to both the plasma membrane and the
interpretation, however, is that the overall effects of this mutation nuclear membrane in response to PMAu{tl), but the signal
on PKC conformation cannot be assessed. In contrast, with theat the plasma membrane became much weaker several minutes
Q27E mutation in the C1b domain of Pi§Ca positive control after the translocation. In Figure 4D, we showed that with PMA
is provided by PDBu or by the DAG-lactone, which still retains the C1b mutant only translocated to the plasma membrane,
an adequate level of affinity, whereas binding to the DAG- Where it persisted. A similar pattern could be seen for the
dioxolanone should be lost. translocation of the Cla mutant (Figure 5D) and the C1b mutant
We first studied the role of the C1lb domain in P&C (Figure 4E) in response to the DAG-lactone. These results

membrane translocation. We mutated the glutamine residueSU99est that f[he C;a an(_j Clb _domams of PKGay plgy .
(Q257) of C1b in PK@-GFP to generate a C1b mutant of PKC different roles in the ligand interaction and the enzyme activation
(Q257E/PK®-GFP). Then, we monitored the response of the by targeting the enzyme to different subcellular locations.
Q257E/PK®-GFP mutant to DAG-dioxolanond in living
CHO cells using real time confocal microscopy and compare

this response to that to phorbol ester or a DAG-lactone. As  ag a central regulatory mechanism for a diversity of cellular
shown in Figure 4B4 (20 uM) translocated the wild-type  fynctions, such as cell proliferation, differentiation, and apop-
PKCO-GFP to both the plasma membrane and the internal tosjs, the diacylglycerol signaling pathway has gained wide-
membranes within 5 min after DAG-dioxolanone administration. spread attention in the biological and pharmaceutical figlds.
However, no membrane translocation was obse_rved in the C1bpyotein kinase C (PKC), the major receptor for the DAG signal
mutant (Q257E/PKG-GFP) even aftel h of DAG-dioxolanone  and one of the important factors in tumorigenésigs thus
treatment (Figure 4C) or with higher drug concentrations (data emerged as an attractive target for cancer therapy and a range
not shown). In contrast, treatment with;M PMA induced of other conditions. Several strategies have been used to develop
clear plasma membrane translocation of the Q257EARKEP the PKC modulators. The first strategy has been inhibitors
mutant immediately (within 1 min) (Figure 4D), confirming that  targeted to the kinase domain of the PKCs. For example,
the PKG) remained capable of translocation in the presence of | y333531, a selective inhibitor of PKEenzymatic activity,
ligands that could still interact with the mutant C1b domain. s currently in clinical trials for treatment of vascular complica-
Likewise, when we applied the DAG-lactoel (20 M) to tions of diabete3233A second strategy has been to use antisense
the C1b mutant-expressing cells, membrane translocation of thepligonucleotides to manipulate the expression of the PKCs. For
Q257E/PK®@-GFP mutant was observed within 10 min after example, the PK@& antisense oligonucleotide LY900003/ISIS
administration of the compound (Figure 4E). These results 3521 is currently in clinical trial34 A third strategy has been
indicate that without ||gand b|nd|ng tﬁﬁlb,éCla alone could the use of Compounds targeted to the C1 domainsy where they
not translocate the intact PKQo the membranes in response  are able to induce selective responses. Bryostatin 1, which is
to DAG-dioxolanone, implying that the Cla domain does not in clinical trials as a cancer chemotherapeutic agent, has a unique
play the major role in PK@ redistribution. The concentration  piphasic dose response for down-regulation and protection of
of compound4 (20 M) was chosen to give a prompt, complete  pKC.35.36 12-Deoxyphorbol 13-acetate is antitumor-promot-
response to ligand addition. Typically, to achieve this goal, ing3” and is under consideration for use in combination with
amounts used by researchers are appreciably higher than thg4AART therapy for treatment of HIV/AIDSS Ingenol 3-an-
measured; values determined in vitro, which represent ideal ge|ate’ which induces biphasic induction of ”—3%5 in clinical
conditions for supporting the interactions. In the current studies, trials for actinic keratosis and nonmelanotic skin cancer. A
the objective was to show the differential pattern of response, general rationale for this approach is that different PKC isoforms
so complete dose response curves, which are quite demandingy different families of DAG receptor proteins may have
of instrument time, were not performed. antagonistic effects, depending on the system, and thus, for

(b) Mutating the Corresponding Glutamine Residue example, blocking PKE an isoform that induces proliferation
(Q185) in the Cla Domain of PKG Did Not Abolish Its and is antiapoptotic, may be equivalent to stimulation of BKC
Membrane Translocation in Response to DAG-dioxolanone  which is antiproliferative and proapoptotic.

d Discussion
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Wild type (PKC3-GFP) — wtiCla - wiiClb —
A
0 min 11 min 20 min

C1a mutant (Q185E/PKCs) — Q185E/C1a - wt/Clb —

Figure 5. Confocal microscopy comparing membrane translocation of the Cla mutant (Q185EBKR) of PKG-GFP by DAG-dioxolanone

4, its corresponding DAG- lacton&1 and PMA in living CHO-K1 cells: (A) time serial images showing the dynamic translocation of wild-type
PKC3-GFP to the plasma membrane and internal membranes in living CHO-K1 cells after the applicati¢20gfM); (B) time serial images
showing the dynamic membrane translocation of the Cla mutant (Q185E) after the applicai(20efM); (C) time serial images showing the
dynamic translocation of the Cla mutant (Q185E) after the application of PMAVI|1 (D) time serial images showing the dynamic translocation
of the Cla mutant (Q185E) after the application of corresponding DAG-la@dn@0 «M). The minutes in each panel represent the time of drug
treatment. Each experiment was performed three times with similar results.

Although natural products such as the phorbol esters, indole derivatives, DAG-dioxolanones, that were predicted from
alkaloids, aplysiatoxin, or bryostatin have impressive potency computer modeling to possess such an additional interaction
for C1 domains, their intricate structures and multiple chiral site. The DAG-dioxolanones have an oxygen replacing the CH
centers have complicated their exploitation as lead structuresin the ring structure of the DAG lactones (Table 1). The
for medicinal chemistry. Unfortunately, although the endogenous modeling predicted that this extra oxygen in the DAG-
ligand for C1 domains, namelgn1,2-diacylglycerol, has a  dioxolanones should be able to form an additional hydrogen
relatively simple structure with only a single chiral center, its bond with the glutamine residue in the C1lb domain of BKC
conformational flexibility is associated with relatively weak (Q257 in the numbering scheme for the intact RKQ27 in
potency. Starting with the DAG structure, our group has been the numbering scheme of the isolated C1b domain as shown in
able to develop DAG-lactones with in vitro potencies approach- Figure 1) only in thesn1 binding mode involving thesn1
ing those of the phorbol esters using a combination of carbonyl on the side chain. We were able to verify the
conformational constraint and appropriate substitution to opti- importance of this predicted interaction site by mutating the
mize interactions with the lipid bilayer and the rim of the C1 indicated glutamine residue in the isola@®@1lb domain. It has
domain binding cleft” The DAG-lactones have provided a been reported that the side chain of the glutamine residue is
powerful template for structural modification to probe the very important for the geometry of the binding cleft of the C1
interactions of ligands with the C1 domains. Further insights domain?! We therefore had tried to minimize the side effect of
have emerged from molecular modeling, based on the X-ray the mutation by replacing the glutamine residue (Q) with
structure of the complex between phorbol 13-acetate and theglutamate (E). Fortunately, with the glutamate residue, the
C1b domain of PK@16 as well as from solution NMR studié$. binding affinity of the mutated C1b domain (Q2?&/1b) for

As part of our effort to further enhance ligand potency and [3H]PDBu was maintained at a level witkq in the 10° M
C1 domain selectivity, we have sought to identify additional range (6.2+ 1.0 nM), reflecting a relatively weak influence
potential points of interaction between DAG-lactones and the (20-fold increase in th&y value compared with thkKg of 0.33
C1l domains. We described here a novel class of DAG + 0.05 nM for the wild-type) of the mutation on its binding
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capability for the phorbol esters. Encouragingly, our measure- mutations that abrogate binding activity (e.g., P11G, numbered
ments on the DAG-dioxolanones demonstrated that the mutationaccording to the sequence of the isolated C1 domain) is the
dramatically decreased the binding affinity. For the three DAG- lack of a positive control to distinguish the effect of the alteration
dioxolanones4—6 that we had studied, th&; values had itself from the lack of recognition of ligand. Because the Q27E
increased from 1® M for the wild-typedC1b to 106 M for mutation selectively blocks response to the DAG-dioxolanone
the 6C1b mutant. However, the corresponding DAG-lactones but not phorbol ester or DAG-lactone, comparison of the
only showed a weak decrease (35- to 55-fold of increase in theresponse of the mutated PK@o these ligands provides a test
Ki values) in their binding potency for the Q23EY1b mutant for the function of the C1b domain. We showed (Figures 4 and
(Table 2). It is thus quite clear from the above results that, as 5) that when we abolished the Clb/dioxolanone interaction by
predicted by the computer modeling, the glutamine residue of mutating the indicated glutamine residue (Q257) in the Clb
thedC1b domain does play an important role in the interaction domain, the whole PK&enzyme no longer translocated to the
with the DAG-dioxolanone, and this interaction is weak or membranes in response to DAG-dioxolanaghéFigure 4C).
nonexistent for the DAG-lactones or phorbol esters. Since DAG-dioxolanond bound with good affinity to the wild-
One objective of strategies for introducing additional points type Cla domain of PK&(K; value of 4.31+ 0.13 nM, Table
of interaction would be to further enhance potency. This 3), the lack of translocation of the C1b mutant (Q257E/BKC
Objective was not met with the current DAG-dioxolanones by the DAG-dioxolanone indicates that the Cla-dioxolanone
because of their exclusive preference forshel binding mode interaction by itself was unable to drive translocation of the
that counterbalanced the entropic advantage typically observedvhole PKG protein to the membranes, at least over the ligand
for DAG-lactones that bind in then-2 bmdmg mode. S|mp|y range examined. The Clb/dioxolanone interaction would thus
put, the extra oxygen in DAG-dioxolanones forms an effective appear to be the major force for driving the membrane
hydrogen bond with glutamine (Q27E) only when it binds in translocation of the whole PKiCenzyme. This conclusion was
thesn1 mode. Therefore, despite this additional hydrogen bond consistent with our results with the Cla mutant of RKC
(Figure 1), the binding affinities of these new DAG derivatives (Q185E/PK®). Although this aspect of the analysis is less
were not increased relative to the corresponding DAG-lactones, robust, in that the mutation markedly reduces the potency of
neither for the intact PK& (Table 1) nor for the isolated C1b  the Cla domain for the other ligands as well, depriving us of a
domain of PK® (Tab]e 2) Rather, there was a several-fold positive control (Table 3), the retention of translocation of the
decrease in their binding affinities (Tables 1 and 2). Since the mutated PK@ enzyme again argues that the Cla/ligand
mutation of the glutamine residue (Q23E/Lb) much more interaction is not critical for the membrane translocation of the
strongly reduced the binding potencies of the DAG-dioxolanone Whole PKG enzyme in response to these ligands.
than of the DAG lactones, a plausible explanation is that the  Close examination of the data is consistent, in any case, with
0C1b domain is able to retain binding to the DAG-lactones even a secondary contribution of the Cla domain of RKI® the
after mutation, whereas interactions between the mutated Glu27membrane site to which PKXZtranslocates. In response to 1
residue and the DAG-dioxolanone are so unfavorable that uM PMA, the Cla mutant (Q185E) (functional C1b domain,
binding is lost. reduced affinity at the Cla domain for PMA) translocated to
The DAG-responsive PKC and PKD isoforms possess twin both plasma membrane and the nuclear membrane (Figure 5C),
C1 domains. Their relative contributions to PKC function, Whereas the Clb mutant (Q257E) (functional Cla domain,
despite considerable analysis, still remain unresolved, with reduced affinity at the C1b domain for PMA) only translocated
different methodological approaches yielding different conclu- to the plasma membrane in response to PMA (Figure 4D). No
sions. For example, in terms of binding affinity, initial studies Nuclear membrane translocation could be seen even after 1 h
showed that both C1 domains of Pik®ound PDBu with high ~ of the PMA treatment (data not shown). For the native BKC

affinity, indicating that the Cla and C1b of Pk@re function-
ally equivalent’*?2 By expressing the truncated PiGn the
yeastSaccharomyces cerisiae, Riedel’s group found that the

DAG-lactones cause translocation to both plasma membrane
and the nuclear membrane (data not shown). In response to the
DAG-lactone, the C1lb mutant only translocated to the plasma

presence of either C1 domain allowed phospholipid and phorbol membrane (Figure 4 E), whereas the Cla mutant only translo-

ester regulation of PK& enzymatic activity, implying an equal
function of the Cla and C1b domains in P& In contrast,

cated to the nuclear membrane (Figure 5 D). The results
presumably reflect the reduced affinity of the mutated C1

later investigations suggested that the two C1 domains functiondomain for the phorbol ester or DAG-lactone, with the Cla
differently in PKC activation. Cho and co-workers described domain favoring plasma membrane localization and the C1b
that the hydrophobic residues in the C1la domain were essentiadomain being less selective. They also emphasize that both

for the membrane penetration and activation of iK@hereas
those in the C1b domain were not directly involved in these
processe$* Using dimeric bisphorbols, Newton's group dem-
onstrated that both C1 domains of PR@vere oriented for

domains influence translocation of PECeven if the Clb
domain plays the predominant role.

It has been suggested elsewhere that phorbol esters and DAG
interact with different C1 domains, with the phorbol ester

potential membrane interaction but only one C1 domain bound interacting with the C1b domain and the DAG interacting with

ligand in a physiological contet.With synthetic C1 peptides,
Irie’s group reported different binding affinities of the Cla and
C1b domains of different PKC isoforms for various ligariéié’

the Cla domaif® Our results argue that this is not of major
importance for translocation of PKGand that the C1b domain
plays the predominant role for the DAG-lactones as well as for

Our previous work has demonstrated differential roles of the the phorbol esters.

Cla and C1b domains in translocation and down-regulation of

PKC9, with different responses for different ligantfs*®

The combination of the DAG-dioxolanones and the Q257E
mutation provides a powerful tool for addressing the role of
ligand binding to the C1 domain in PKC functioning. An
underlying problem with deletion of an entire C1 domain or of

The high conservation of phorbol ester binding affinity across
species as diverse as nematodes, drosophila, and man had
suggested that different C1 domains should show very similar
characteristics for ligand recognition. Emerging evidence from
multiple groups, however, emphasizes impressive diversity
among the properties of different C1 domathé®48 For
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example, we described that the RasGRP-selective DAG-lactoneeach construct was finally confirmed by sequence analysis (DNA
130C037 bound with high affinity to the C1b domain of PKC  Minicore, Center for Cancer Research, NCI, NIH).

but with orders of magnitude lower affinity to the C1la domain ~ After construction, the recombinant plasmids of individual C1
of PKCS or to either C1 domain of PK&!® The substantially domains of PK@ were transformed into BL-21-Gold (DEJ.
different effect of the mutation Q27E for the Cla domain of Coli competent cells (Stratagene, La Jolla, CA). The expression of
PKC, where it had no differential effect on binding of the the GST-fusion proteins was induced by the addition of 0.5 mM

. isopropylO-bp-thiogalactopyranoside (IPTG) when the OD of the
DAG-dioxolanone compared to the DAG-lactone or the phorbol | g'redium reached 050.7. The bacteria were harvested after 4
ester, provides yet another example of this diversity.

’ o h of induction at 37°C. The expressed GST-tagged C1 protein
In'a summary, our results described here again illustrate thewas purified using a B-PER GST spin purification kit according to
power of the DAG-lactone template as a platform for exploration the manufacturer’s instructions (Pierce Biotechnology, Inc., Rock-
of ligand—C1 domain interactions. Understanding of these ford, IL). The purity of the protein was verified by SB®AGE
interactions is central to the rational design of ligands selective and staining with Coomasie Blue. The protein concentration was
for PKC isoforms or other members of the families of proteins mMeasured using the Bio-Rad protein assay kit according to the
with C1 domains that mediate signaling downstream of the manufacturer’s instructions (Bio-Rad, Hercules, CA). The purified

lipophilic second messenger DAG. These proteins represen

promising therapeutic targets, given both their biological func-

tions and the actions of agents currently under development.

Experimental Section

Materials and General Procedures All reagents for chemical
syntheses were commercially available. PRQPhorbol 12,13-
dibutyrate (fH]JPDBuU) (20 Ci/mmol) was purchased from Perkin-
Elmer (Boston, MA). PDBu and phorbol 12-myristate-13-acetate
(PMA) were purchased from LC Laboratories (Woburn, MA).
Phosphatidyl--serine was purchased from Avanti Polar Lipids
(Alabaster, AL). Reagents for expression and purification of
glutathioneStransferase (GST) fusion proteins were obtained from
Pierce Biotechnology, Inc. (Rockford, IL). Cell culture medium

tGST-Cl protein was stored in 30% glycerol-af0 °C.

Site-Directed Mutagenesis of the C1 Domains of PK&.
Mutagenesis of the glutamine residue in the Cla and C1b domains
of PKCH was performed in the isolated G$Gla, GSTéC1b,
and the intact PK@-GFP proteins using the QuikChange Il site-
directed mutagenesis kit (Stratagene) according to the manufac-
turer’s instructions. The C1 domain containing pGEX plasmid or
the intact PK@ containing pEGFP plasmid was used as the
template for the mutagenesis reactions. The glutamine/glutamate
mutagenic primers for théC1b domain were '8SGGGACTGGT-
GAAGGAGGGATTAAAGTGTGAAG-3 (sense) and'SCTTCA-
CACTTTAATCCCTCCTTCACCAGTCCC-3(antisense). The mu-
tagenic primers for thedCla domain were 'S56GGCCTCAA-
CAAGGAAGGCTACAAATGCAGG-3 (sense) and 'SCCTG-
CATTTGTAGCCTTCCTTGTTGAGGCCC-3antisense). The mu-

and reagents and the DNA primers were obtained from Invitrogen tated codons are underlined. The mutation was confirmed by DNA

(Carlsbad, CA). Recombinant mouse PK@as expressed and
partially purified as described elsewhéteMelting points were

sequence analysis (DNA Minicore, Center for Cancer Research,
NCI, NIH). The mutated plasmids were used to express the

determined on a MelTemp Il apparatus, Laboratory Devices, and corresponding GST or GFP fusion proteins, which were purified
are uncorrected. Column chromatography was performed on silicaor used in the experiments as described elsewhere in this study.
gel 60, 236-400 mesh (E. Merck or Bodman Industries), and [(H]PDBuU Binding Assay. Enzyme-ligand interactions were
analytical TLC was performed on Analtech Uniplates silica gel GF. assessed in terms of the ability of the ligand to displace bound
IH and3C NMR spectra were recorded on a Varian Unity Inova [20-*H]phorbol 12,13-dibutyrate (PDBU) from a recombinant single
instrument at 400 and 100 MHz, respectively. Spectra are referencedisozyme (PK@) in the presence of phosphatidylserfde [3H]-
to the solvent in which they were run (7.26 ppm for CE)CI PDBu binding to the recombinant full-length PKCor the
Positive-ion fast atom bombardment mass spectra (FABMS) were individual C1 domains was measured using the polyethylene glycol
obtained on a VG 7070E-HF double-focusing mass spectrometerprecipitation assay developed in our laboratory as described
operated at an accelerating voltage of 6 kV under the control of a elsewheré? Briefly, the assay mixture (25@L) contained 50 mM
MASPEC-II data system for Windows (Mass Spectrometry Ser- Tris-HCI (pH 7.4), 10Q«g/mL phosphatidylserine, 4 mg/mL bovine
vices, Ltd.). Either glycerol or 3-nitrobenzyl alcohol was used as immunoglobulin G, $H]PDBu, and various concentrations of
the sample matrix, and ionization was effected by a beam of xenon competing ligand. Incubation was carried out at°®for 5 min
atoms generated in a saddle-field ion gun atB.@.5 kV. Nominal (for full-length PKC isoforms) or 18C for 10 min (for C1
mass spectra were obtained at a resolution of 1200, and matrix-domains). Samples were chilled on ice for 7 min, and 200f
derived ions were background-subtracted during data system35% polyethylene glycol in 50 mM Tris-HCI (pH 7.4) was added.
processing. Elemental analyses were performed by Atlantic Micro- The samples were mixed and incubated on ice for an additional 10
lab, Inc., Norcross, GA. The partition coefficients (IBy were min. The tubes were centrifuged in a Beckman Allegra 21R
calculated according to the atom-based program MOE SL&g P. centrifuge at 4C (12 200 rpm, 15 min). A 10@L aliquot of the
Construction and Purification of GST-Fused C1 Domains of supernatant was removed for the determination of the free
PKCa and PKCJ in E. coli. The Cla and C1b domains of PKC concentration ofH]PDBu, and the pellet was carefully dried. The
were generated by polymerase chain reaction (PCR) using thetip of the centrifuge tube containing the pellet was cut off and
PlatinumPfx DNA polymerase (Invitrogen). The full-length cDNA  transferred to a scintillation vial for the determination of the total
clone of murine PK@ was used as the template. The following bound PH]JPDBu. Cytoscint (ICN, Costa Mesa, CA) was added to
oligonucleotides were used as the PCR primers to pull out the both an aliquot of the supernatant and the pellet. Radioactivity was
targeted C1 domains: (1) forward and reverse primersifta determined by scintillation counting. Specific binding was calculated
were 3-AAACAGGCCAAGATCCACTACA-3 and 3-GGTGTC- as the difference between total and nonspecific binding. Standard
CCGGCTATTGGT-3; (2) forward and reverse primers foC1b Scatchard analysis was performed to determine the dissociation
were 3-CAGAAAGAACGCTTCAACATCG-3 and 53-GGCCT- constants Kq) of the individual C1 domains, and the inhibitory
CAGCCAAGAGCTTT-3. The blunt-ended PCR products were dissociation constantsK{() were calculated using our standard
ligated into a pCR-Blunt vector using the Zero Blunt PCR cloning method as described previousfy.
kit (Invitrogen). The pCR-Blunt vector was digested with EcoRl Expression and Imaging of the GFP-Tagged PKC Proteins
(New England BioLabs, Inc., Beverly, MA) to produce adhesive in Live CHO Cells. CHO-K1 cells (obtained from ATCC,
ends of the C1 fragment. This fragment was then ligated into the Manassas, VA) were cultured at 3T in F-12 (HAM) nutrient
appropriate glutathiongtransferase (GST)-containing vectors (i.e., containing 10% FBS, penicillin (50 units/mL), and streptomycin
PGEX-5X-1, pGEX-5X-2, pGEX-5X-3) (Amersham Biosciences, (0.05 mg/mL) in a 5% C@atmosphere. The plasmid DNA of GFP-
Piscataway, NJ), using the EcoRl restriction sites with the sequencefused PKC proteins was transfected into the CHO-K1 cells using
of the insert in the intended reading frame. The DNA sequence of Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
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instructions. The expression of the fluorescent protein was detected3.0 A in order to keep the ligand in the binding site and to preserve
24 h after transfection. Confocal fluorescent images were collected its sn-1 orsn-2 orientation. Without these restraints, ligands tended
with a Bio-Rad MRC 1024 confocal scan head (Bio-Rad) mounted to drift in and out of the binding site and switch binding orientations
on a Nikon microscope with a 60planapochromat lens. Excitation  (data not shown).
at 488 nm was generated by a kryptargon gas laser with a 522/ Each system first underwent 25 steps of steepest descent
32 emission filter for green fluorescence. For kinetics of PKC- minimization with the ligand atoms and protein backbone atoms
GFP translocation in live cells, cells plated on a 40 mm round fixed in place, followed by 100 steps of adopted-basis Newton
coverslip were enclosed in a Bioptechs Focht Chamber SystemRaphson minimization with harmonic constraints on the backbone
(Bioptechs, Butler, PA). The chamber was inverted and attached atoms and finally 200 steps of adopted-basis Newf@aphson
to the microscope stage with a custom stage adapter. A temperatureninimization with no constraints. The systems were then heated
controller set at 37C was connected, and medium was perfused in 10 K increments every 0.2 ps from a starting temperature of 50
through the chamber with a Lambda microperfusion pump. to 300 K and equilibrated at 300 K for 100 ps. After equilibration,
Sequential images of the same cell were collected at various timedata were collected over the course of 10 ns, with coordinates
points using LaserSharp Software (Bio-Rad). written to disk at 100 ps intervals to give an ensemble of 100
Docking of DAG-dioxolanones into the Clb Domain of structure snapshots for each system.
PKCJd. Structures for all compounds were built in SYB¥Lland The hydrogen-bonding energy for each system was calculated
minimized with the MMFF94 force field and partial chargés.  in CHARMM by first defining four subsets consisting of ligand
Docking was then performed using Fle¥xthrough its SYBYL donor atoms, ligand acceptor atoms, receptor donor atoms, and
module into the crystal structure of the C1b domain of PKE receptor acceptor atoms. Each potential deramceptor pair was
The binding site was defined as residues-2383, 256-254, and tested to see whether it was within allowable hydrogen-bonding
257. The ring structure in the ligand was treated flexibly, and all geometry, i.e., with an H-A distance of 2.7 A or less and a
other options were set to their default values. D—H---A angle greater than 90If so, the nonbonded (electrostatic
Homology Modeling of the Cla Domain of PKG and the and van der Waals) interaction energy between the two atoms was
Q27E Mutants. A homology model of the Cla domain of PKC calculated. The sum of these interaction energies for all the
was built on the backbone coordinates of the crystal structure of snapshots in the ensemble was then divided by 100 to give the
the C1b domain® Side chains for the model were constructed using average hydrogen-bonding energy for the ensemble.
the program SCWRE? which uses a backbone-dependent rotamer  E- and Z-5-[(4-Methoxyphenoxy)methyl]-3-(3-methylbutyl-

library to place residues in their most likely conformation given the
backbonep—1y angles at that position. Residues homologous to
PKCo were left unchanged from their crystallographic positions. The
model was refined with a small energy minimization, with phorbol
13-O-acetate left in position from the crystal structure to prevent
the binding site loops from closing during the minimization. Harmon-

idene)-5-[(phenylmethoxy)methyl]-4,5-dihydrofuran-2-one (VI,

R = CH,CH(CH3)y). Lithium bis(trimethylsilyl)amide (LHMDS,
5.4 mL, 5.4 mmal1 M in THF) was added dropwise to-a78 °C
stirring solution oflV 2021 (920 mg, 2.7 mmol) in THF (10 mL).
After 10 min, the mixture was treated with isovaleryl aldehyde (0.29
mL, 2.7 mmol) and stirred at the same temperature for 20 min.

ic positional restraints on the backbone atoms were gradually relaxedThe reaction mixture was then quenched by slow addition of
over the course of the minimization to eliminate steric clashes in saturated aqueous NEI and extracted with EO (3x). The
the side chains without inducing deformations in the backbone. combined organic layers were then washed with water) (and

Structures for the mutant Q27E Cla and C1b domains were built brine (1x), dried over MgSQ@, and concentrated in vacuo. The
by simply replacing the glutamine residue at position 27 in the residue was purified by flash column chromatography on silica gel
structure with a glutamate residue, without any subsequent mini- with EtOAc/hexanes (1:4) to givé (R = CH,CH(CH),), which
mization or other refinement. was used immediately without further purification or characteriza-

Molecular Dynamics with an Implicit Solvent Bilayer. Simu- tion. This compound was taken up in @&, (20 mL) and treated
lations were run in CHARMM! version ¢32b2, using the all-  with EtsN (1.1 mL, 8.1 mmol) and methanesulfonyl chloride (0.31
hydrogen force field parameter set for protéinaith backbone mL, 4.1 mmol). After the mixture was stirred for 10 min at room
dihedral correction& Additional parameters for the DAG-lactones temperature, DBU (1.2 mL, 8.1 mmol) was added and the mixture
and DAG-dioxolanones were developed by analogy with existing was stirred overnight. Concentration followed by purification by
parameters for lipids and furanose sugars and were checked againstilica gel chromatography with EtOAc/hexanes (1:6) g@ve|
ab initio geometry-optimized structures calculated at the RHF/6- (R = CH,CH(CHs),, 260 mg, 23%) an&-VI (R = CH,CH(CH)a,
31G* theory level. 512 mg, 46%) as a mixture of isomers that were separated via

The implicit solvent was modeled using the GBSW module column chromatography.

(generalized Born with a simple switching functi®n A low- Z-VI (R = CH,CH(CH3),). *H NMR (CDCly) 6 7.27-7.36 (m,
dielectric, solvent-inaccessible planar slab perpendicular t»éxés 5 H, PhCHOCH,), 6.83 (s, 4 H, MeO¢H,OCH,), 6.24 (tt, 1 H,J
was set up ax = 0. The thickness of the slab was 25.0 A, and the = 7.8, 2.3 Hz, GCHCH,CH(CHg),), 4.60 (AB g, 2 H,J = 12.1
width of the smoothing region between the membrane and water Hz, PhCHOCH;), 4.03 (AB g,J = 9.8 Hz, 2 H, MeOGH,OCH),
environments was 5.0 A. In this smoothing region, a polynomial 3.76 (s, 3 H, MeOgH,OCH;,),3.68 (AB q,J = 10.2 Hz, 2 H,
function is used to scale the solvent (water) accessibility from 0 PhCHOCH,), 2.91 (AB gm,J = 16.5, 2 H, H-4y), 2.64-2.68 (m,
inside the membrane to 1 outside, which gives an approximation 2 H, C=CHCH,CH(CHg),), 1.75 (sept, 1 H,J = 6.7 Hz,
of the dielectric characteristics of a real membrane bilayer. For the C=CHCH,CH(CHg),), 0.96 and 0.97 (d) = 6.7 Hz 6 H, G
polar portion of the solvation energy, the external solvent dielectric CHCH,CH(CHs),). FAB-MS (m/z relative intensity): 411 (MH,
constant was set to 80.0 and the internal dielectric constant of the45), 410 (M*, 74), 91 (100), Anal. (&H300s) C,H.

protein was set to 1.0, with a smoothing length of 0.6 A at the  E-VI (R = CH,CH(CH3),). 1H NMR (CDCls) 6 7.24-7.34 (m,
boundary between the two. Optimized atomic Born fddiiere 5 H, PhCHOCH;), 6.80 (s, 4 H, MeOGH,OCH,), 6.77 (tt, 1 H,J
used to define the dielectric boundary at the protein surface. The= 7.7, 2.8 Hz, CHCH,CH(CHs),), 4.57 (AB g, 2 HJ=12.1
surface tension coefficient for the nonpolar portion of the solvation Hz, PhCHOCH,), 4.03 (AB q,J = 9.8 Hz, 2 H, MeOGH,OCH,),
energy was 0.04 kcal mol A2 3.74 (s, 3 H, MeOGH,OCH,), 3.67 (AB ¢,J = 10.2 Hz, 2 H,

We began with structures for DAG-lactori@l and DAG- PhCHOCH,), 2.91 (AB gm,J = 17.1, 2 H, H-4y), 2.01-2.08 (m,
dioxolanonez-4, in both thesn-1 andsn-2 binding modes, docked 2 H, C=CHCH,CH(CHs),), 1.80 (sept,J 6.7 Hz, 1 H,
into the PKG@ C1b domain, the homology model of the PKC C=CHCH,CH(CH),), 0.933 and 0.930 (d] = 6.7 Hz, 6 H, C=
Cla domain, and models of the mutant Q27E C1b and Cla domains,CHCH,CH(CHz)2). FAB-MS (m/z relative intensity): 411 (MH,
for a total of 16 systems. Weak constraints were included to hold 45), 410 (M, 74), 91 (100), Anal. (&H300s) C,H.
the distance between the atoms involved in the three conserved Z- and E-5-[(4-Methoxyphenoxy)methyl]-3-[5-methyl-3-(2-
hydrogen bonds between the ligands and the protein at less thammethylpropyl)hexylidene]-5-[(phenylmethoxy)methyl]-4,5-dihy-
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drofuran-2-one (VI, R = CH,CH(CH,CH(CH 3),).. These com-
pounds have been previously reporféd.

General Procedure for Removing the PMP Group. Ceric
ammonium nitrate (CAN, 3 equiv) was added to & stirring
solution ofVI (1 equiv) in CHCN/HO (4:1, 9 mL/mmol). After

Choi et al.

CH,CH(CHg),, 392 mg, 1.2 mmol) was combined with 5-methyl-
3-(2-methylpropyl)hexanoyl chloride (245 mg, 1.2 mmol) to give
E-VIIl (R = CH,CH(CHs);, R = CH,CH(CH,CH(CH),)2, 265
mg, 47%) as a colorless ofiH NMR (CDCly) 6 7.26-7.35 (m, 5
H, PhCHOCH,), 6.75 (tt,J = 7.7, 2.8 Hz, 1 H, &CHCH,CH-

15 min, the reaction was quenched with aqueous saturated NgHCO (CHz)), 4.55 (s, 2 H, PhCKDCH;), 4.21 (s, 2 H, (CH),CHCH,),-

extracted with EtOAc, dried over MgSQand concentrated in
vacuo. Purification by silica gel chromatography with hexanes/
EtOAc (2:1) gaveVIl , which was carried through to the next step
without further characterization.
Z-5-(Hydroxymethyl)-3-(3-methylbutylidene)-5-[(phenyl-
methoxy)methyl]-4,5-dihydrofuran-2-one ¢-VII, R = CH,CH-
(CH3),). According to the general procedu#@yV! (R = CH,CH-
(CHg),, 260 mg, 0.63 mol) was combined with CAN (1.0 mg, 1.89
mmol) to giveZ-VIl (R = CH,CH(CHs),, 196 mg, 100%) as a
colorless oil*H NMR (CDCk) 6 7.27—7.36 (m, 5 H, PhACLDCH,),
6.20 (tt,J = 7.8, 2.3 Hz, 1 H, &CHCH,CH(CH)), 4.55 (AB q,
2 H,J=11.9 Hz, PhCHOCH,), 3.66 and 3.74 (dd] = 12.1, 6.4
Hz, 2 H, HOCH), 3.56 (AB g, 2 H,J = 10.1 Hz, PhCHOCH,),
2.82 (app g, 2 H, ECHCH,CH(CH)y), 2.53-2.67 (m, 2 H, H-4y),
2.41 (t,J = 6.6 Hz, 2 H, HOCH), 1.81 (sept] = 6.7 Hz, 1 H,
C=CHCH,CH(CHg),), 0.92 and 0.91 (dJ = 6.7 Hz, 6 H, C=
CHCH,CH(CHz)y).
E-5-(Hydroxymethyl)-3-(3-methylbutylidene)-5-[(phenyl-
methoxy)methyl]-4,5-dihydrofuran-2-one E-VII, R = CH,CH-
(CH3),). According to the general procedueVI (R = CH,CH-
(CHa),, 512 mg, 0.1.2 mol) was combined with CAN (1.9 mg, 3.6
mmol) to giveE-VIl (R = CH,CH(CH;),, 392 mg, 100%) as a
white solid: mp 44-45°C; ™H NMR (CDCl) 6 7.24-7.34 (m, 5
H, PhCHOCH,), 6.72 (tt,J = 7.7, 2.9 Hz, 1 H, &CHCH,CH-
(CHz)2), 4.54 (s, 2 H, PhCKOCH,), 3.74 (ddJ=12.1,6.5Hz, 1
H, HOCHH), 3.64 (ddJ = 12.1, 6.4 Hz, 2 H, HOCHH), 3.56 (AB
g,J=10.1 Hz, 2 H, PhCKDOCH,), 2.80 (t,J = 6.5, 1 H, HOCHj),
2.73 (m, 2 H, G=CHCH,CH(CHg),), 2.02-2.06 (m, 2 H, H-4y),
1.78 (sept) = 6.7 Hz, 1 H, GG=CHCH,CH(CH)), 0.92 and 0.91
(d,J=6.7 Hz, 6 H, GG=CHCH,CH(CHg),).
Z-5-(Hydroxymethyl)-3-[5-methyl-3-(2-methylpropyl)hexyl-
idene]-5-[(phenylmethoxy)methyl]-4,5-dihydrofuran-2-one Z-
VIl, R = CH,CH(CH,CH(CH3),),). According to the general
procedureZ-VI (R = CH,CH(CH,CH(CH),)2, 379 mg, 0.77 mol)
was combined with CAN (1.26 g, 2.3 mmol) to gieVIl (R =
CH,CH(CH,CH(CHg),)2, 298 mg, 98%). This compound has been
previously reported!
E-5-(Hydroxymethyl)-3-[5-methyl-3-(2-methylpropyl)hexyl-
idene]-5-[(phenylmethoxy)methyl]-4,5-dihydrofuran-2-one E-
VIl, R = CH,CH(CH,CH(CH3),),). According to the general
procedureE-VI (R = CH,CH(CH,CH(CHs),),, 135 mg, 0.27 mol)
was combined with CAN (448 mg, 0.81 mmol) to giZzeVIl (R
= CH,CH(CH,CH(CH),),, 87 mg, 81%). This compound has been
previously reported!
General Procedure for Acylation. A solution of VII (1 equiv)
in CH.CI, (5 mL/mmol) was treated with BNl (3 equiv), acid
chloride (1.5 equiv), and catalytic DMAP. After being stirred for

CHCH,CO,CHy), 3.55 (AB qg,J = 10.0 Hz, 2 H, PhCKHDCH,),
2.73 (ABgm, 2 HJ=17.1 Hz, H-3p), 2.18-2.20 (m, 2 H, (CH)-
CHCH,),CHCH,CO,CH,), 2.04 (app t, 1 H, ECHCH,CH(CH)»),
1.91 (app p, 2 H, (C2CHCH,).,CHCH,CO,CH,), 1.79 (app sept,
1 H, C=CHCH,CH(CH;),), 1.51-1.64 (m, 2 H, (CH),CHCH,)-
CHCH,CO,CHy), 1.02-1.14 (m, 4 H, (CH),CHCH,),CHCH,CO,-
CH,), 0.93 and 0.92 (d) = 6.6 Hz, 6 H, G=CHCH,CH(CH;)»),
0.84-0.87 (m, 12 H, (CH),CHCH,),CHCH,CO,CH,). FAB-MS
(m/z relative intensity): 473 (MH, 24), 91 (100). Anal. (gH440s°
0.5H,0) C, H.

Z-{4-[5-Methyl-3-(2-methylpropyl)hexylidene]-5-oxo-2-[(phen-
ylmethoxy)methyl]-2-(2,3-dihydrofuryl) } methyl 3-Methylbu-
tanoate ¢Z-VIll, R = CH,CH(CH,CH(CH3),)2, R" = CH,CH-
(CH3),). According to the general procedur&-VIl (R
CH,CH(CH,CH(CHs),)2, 298 mg, 0.76 mmol) was combined with
isovaleryl chloride (0.14 mL, 1.1 mmol) to gi&VIll (R = CH,-
CH(CH,CH(CHg),)2, R = CH,CH(CHg)2, 309 mg, 86%) as a
colorless oil*H NMR (CDCk) 6 7.27-7.36 (m, 5 H, PhCLDCH,),
6.20 (tt, LHJ=17.5, 2.2 Hz, G2CHCH,CH(CH,CH(CH)»), 4.56
(s, 2 H, PhCHOCH,), 4.22 (AB q, 2 H,J = 11.9 Hz, (CH)>
CHCH,CO,CH,), 3.54 (AB q, 2 H,J = 9.9 Hz, PhCHOCH,),
2.82 (AB gm, 2 HJ = 16.4 Hz, H-3 ), 2.65-2.69 (m, 2 H, G=
CHCH,CH(CH,CH(CHg),)2), 2.17-2.19 (m, 2 H, CH),CHCH,-
CO,CHy), 2.00-2.12 (m, 1 H, (CH),CHCH,CO,CHj), 1.57-1.70
(m, 3 H, G=CHCH,CH(CH,CH(CH),)2, 0.99-1.11 (m, 4 H, &
CHCH,CH(CH,CH(CHs)2),, 0.94 and 0.93 (s, 6 H, (GHCHCH,-
CO,CH,),0.84-0.87 (m, 12 H, GCHCH,CH(CH,CH(CH)2)).
FAB-MS (m/z relative intensity): 473 (MH, 27), 91 (100). Anal.
(Co9H440s) C, H.

E-{ 4-[5-Methyl-3-(2-methylpropyl)hexylidene]-5-oxo-2-[(phen-
ylmethoxy)methyl]-2-(2,3-dihydrofuryl) } methyl 3-Methylbu-
tanoate E-VIIl, R = CH,CH(CH,CH(CH3),),, R' = CH,CH-
(CH3),). According to the general procedur&-VIl (R
CH,CH(CH,CH(CHg),)2, 87 mg, 0.22 mmol) was combined with
isovaleryl chloride (0.04 mL, 0.33 mmol) to gieeVIll (R = CH,-
CH(CH,CH(CH),),, R = CH,CH(CHg),, 103 mg, 100%) as a
colorless oil*H NMR (CDCly) 6 7.27-7.36 (m, 5 H, PhChDCH,),
6.77 (tt,J= 7.6, 2.8 Hz, 1 H, ECHCH,CH(CH,CH(CH)2)2, 4.55
(s, 2 H, PhCHOCH,), 4.23 (AB q,J = 11.9 Hz, 2 H, (CH)>-
CHCH,CO,CHy), 3.55 (AB g,J = 9.9 Hz, 2 H, PhCHOCH,),
2.73 (ABgm, 2 HJ=17.1 Hz, H-3y), 2.16-2.18 (m, 2 H, (CH),-
CHCH,CO,CHy), 2.01-2.16 (m, 3 H, G=CHCH,CH(CH,CH-
(CHs),)2 and (CH),CHCH,CO,.CH,), 1.57-1.73 (m, 3 H, &
CHCH,CH(CH,CH(CHg),)2, 1.06-1.12 (m, 4 H, GGCHCH,CH-
(CH.CH(CHg),), 0.94 and 0.92 (s, 6 H, (G)CHCH,CO,CHy),
0.87 and 0.85 (m, 12 H, €CHCH,CH(CH,CH(CH)2),). FAB-
MS (m/z relative intensity): 473 (MH, 25), 91 (100). Anal.

10 min, the mixture was concentrated in vacuo and the residue (CzgH40s) C, H.

was purified by silica gel chromatography with EtOAc/hexanes (1:
7) to give VIII.

Z-{ 4-(3-Methylbutylidene)-5-0xo-2-[(phenylmethoxy)methyl]-
2-(2,3-dihydrofuryl) } methyl 5-Methyl-3-(2-methylpropyl)hex-
anoate ¢-VIll, R = CH,CH(CH3),;, R" = CH,CH(CH ,CH-
(CH3)2)2). According to the general procedur&:VIl (R =
CH,CH(CHg),, 196 mg, 0.63 mmol) was combined with 5-methyl-
3-(2-methylpropyl)hexanoyl chloride (128 mg, 0.63 mmol) to give
Z-VIl (R = CH,CH(CH;),;, R = CH,CH(CH,CH(CHz),),, 127

mg, 43%) as a colorless oil, which was contaminated with a small

amount of theE-isomer that was formed under the reaction
conditions. FAB-MS (n/z relative intensity): 473 (MH, 38), 91
(100) Anal. (Q9H4405'0.5HzO) C, H.

E-{ 4-(3-Methylbutylidene)-5-oxo-2-[(phenylmethoxy)methyl]-
2-(2,3-dihydrofuryl) } methyl 5-Methyl-3-(2-methylpropyl)hex-
anoate E-VIIl, R = CH,CH(CH3),, R' = CH,CH(CH ,CH-
(CH3)2)2). According to the general procedur&-VIl (R =

General Procedure for Removal of the Benzyl Ether Group.
A solution of BCk (3 equiv, 1 M in CH,Cl,) was added to a78
°C stirring solution ofVIll (1 equiv) in CHCI, (10 mL/mmol),
and the reaction was monitored by TLC. Upon completion, the
reaction mixture was quenched with saturated aqueous NgHCO
warmed to room temperature, and extracted with,Clkl (2x).
Concentration in vacuo followed by purification by silica gel
chromatography with EtOAc/hexanes gd¥e
Z-{2-(Hydroxymethyl)-4-[5-methyl-3-(2-methylpropyl)hexyl-
idene]-5-oxo-2-(2,3-dihydrofuryl)} methyl 3-Methylbutanoate (Z-
2). According to the general procedu#VIll (R = CH,CH(CH,-
CH(CH),),, R = CH,CH(CHg),, 300 mg, 0.63 mol) was combined
with BCl3 (1.9 mL, 1.9 mmol) to giveZ-2 (193 mg, 79%) as a
colorless oil.'H NMR (CDCl) ¢ 6.24 (tt,J = 7.5, 2.2 Hz, 1H,
C=CHCH,CH(CH,CH(CH;)2)2), 4.21 (AB q,J = 11.9 Hz, 2 H,
(CHg3),CHCH,CO,CHy), 3.69 (ddJ=12.1, 6.8 Hz, 1 H, CHHOH),
3.62 (ddJ=12.2,6.2 Hz, 1 H, HOCHHOH), 2.90 (dd,= 16.2,
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2.2 Hz, 1 H, H-3), 2.63-2.76 (m, 3 H, H-3 and C=CHCH,CH-
(CH2CH(CH)2)2), 2.47 (br t,J = 6.3 Hz, 1 H, HOCH), 2.21 (d,
J = 6.9 Hz, 2 H, (CH),CHCH,CO,CH,), 2.03-2.12 (m, 1 H,
(CH3)2,CHCH,CO,CH,), 1.57~1.69 (m, 3 H, G=CHCH,CH-
(CH2CH(CHg))2), 1.08 (td,J = 7.0, 2.3 Hz, 4 H, &CHCH,CH-
(CH,CH(CH)2)2), 0.94 (d,J = 6.6 Hz, 6 H, (CH),CHCH,CO,-
CHy), 0.84 and 0.85 (dJ = 2.3 Hz, 12 H, G=CHCH,CH-
(CH,CH(CH)2)2). FAB-MS (m/z relative intensity): 383 (MH,
72), 57 (100). Anal. (gH3g0s) C, H.

E-{ 2-(Hydroxymethyl)-4-[5-methyl-3-(2-methylpropyl)hexyl-
idene]-5-oxo-2-(2,3-dihydrofuryl} methyl 3-Methylbutanoate (E-
2). According to the general proceduieVIll (R = CH,CH(CH.-

CH(CH),),, R = CH,CH(CH),, 103 mg, 0.22 mol) was combined

with BCl; (0.66 mL, 0.66 mmol) to givee-2 (60 mg, 73%) as a
colorless oil.'H NMR (CDCl) 6 6.78 (tt,J = 7.5, 2.8 Hz, 1 H,
C=CHCH,CH(CH,CH(CHa)2),), 4.22 (AB q,J = 11.9 Hz, 2 H,
(CH3),CHCH,CO,CHy), 3.67 (AB q,J = 12.1 Hz, 2 H, HOCH),
2.61-2.83 (m, 3 H, HOCHand H-3), 2.20 (d,J=6.8 Hz, 2 H,
(CH3)2,CHCH,CO,CHy), 2.02-2.13 (m, 3 H, (CH);CHCH,CO,-
CH, and C=CHCH,CH(CH,CH(CH),)2), 1.71 (p,J ~ 6.8 Hz, 1
H, C=CHCH,CH(CH,CH(CH;),)2), 1.60 (septJ ~ 6.9 Hz, 2 H,
C=CHCH,CH(CH,CH(CH;)2),), 1.05-1.12 (m, 4 H, G=CHCH,-
CH(CH,CH(CHg))2), 0.95 (d,J = 6.6 Hz, 6 H, (CH),CHCH,-
CO,CH,), 0.86 (d,J = 6. 6 Hz, 12 H, GC=CHCH,CH(CH,CH-
(CHs)2)2). FAB-MS (m/z relative intensity): 383 (MH, 100). Anal.
(Ca2H350s) C, H.
Z-[2-(Hydroxymethyl)-4-(3-methylbutylidene)-5-oxo-2-(2,3-di-
hydrofuryl)]methyl 5-Methyl-3-(2-methylpropyl)hexanoate (Z-
3). According to the general proceduzVIll (R = CH,CH(CH),,

R’ = CH,CH(CH,CH(CHz),),, 127 mg, 0.27 mol) was combined

with BCl; (0.81 mL, 0.81 mmol) to giveZ-3 (72 mg, 67%) as a
colorless oil.'H NMR (CDCly) 6 6.26 (tt,J = 7.8, 2.3 Hz, 1 H,
C=CHCH,CH(CHg),), 4.20 (AB ¢,J = 11.9 Hz, 2 H, ((CH)>-
CHCH,),CHCH,CO,CH,), 3.66 (AB q,J = 12.2 Hz, 2H, HOCH),
2.90 (dg,J ~ 16.4, 4.5, 2.2 Hz, 1 H, H3}, 2.72 (dg,J ~ 16.4,
4.1,2.0Hz, 1 H, H-8, 2.59-2.64 (m, 2 H, G=CHCH,CH(CH)),
2.23-2.25 (m, 2 H, ((CH),CHCH,),CHCH,CO,CH,), 1.89-2.02
(m, 1 H, G=CHCH,CH(CH),), 1.68-1.78, (m, 1 H, ((CH)2-
CHCH,),CHCH,CO,CH,), 1.56-1.68 (m, 2 H, ((CH),CHCH,),-
CHCH,CO,CHy), 1.02-1.20 (m, 4 H, ((CH),CHCH,),CHCH,-
CO,CHy), 0.93-0.95 (d,J = 6.7 Hz, 6 H, G=CHCH,CH(CHs)»),
0.86-0.89 (M, 12 H, ((CH),CHCH,),CHCH,CO,CH,). FAB-MS
(m/z relative intensity): 383 (MH, 100). Anal. (G;H30s) C, H.
E-[2-(Hydroxymethyl)-4-(3-methylbutylidene)-5-oxo-2-(2,3-di-
hydrofuryl)]methyl 5-Methyl-3-(2-methylpropyl)hexanoate (E-
3). According to the general procedutVIll (R = CH,CH(CH),,

R’ = CH,CH(CH,CH(CHz),),, 260 mg, 0.56 mol) was combined

with BCl; (1.7 mL, 1.7 mmol) to giveE-3 (130 mg, 60%) as a
pale-yellow oil.'H NMR (CDCl) 6 6.78 (tt,J= 7.7, 2.9 Hz, 1 H,
C=CHCH,CH(CHg),), 4.21 (AB ¢,J = 11.9 Hz, 2 H, ((CH)>-
CHCH,),CHCH,CO,CH;), 3.68 (AB ¢,J = 12.1 Hz, 2 H, HOCH),
2.82 (dm,J = 17.1 Hz, 1 H, H-3), 2.65 (dm,J = 17.1 Hz, 1 H,
H-3y), 2.39 (br s, 1 H, HOCH), 2.22-2.24 (m, 2 H, ((CH)>-
CHCH;,),CHCH,CO,CHy), 2.04-2.09 (m, 2 H, GCHCH,CH-
(CHs)2), 1.93 (app quint, 1 H, ECHCH,CH(CHg),), 1.82, (sept,
1H,J=6.6 Hz, 1 H, ((CH),CHCH,),CHCH,CO,CH,), 1.60 (app
sept, 2 H, ((CH).;CHCH,),CHCH,CO,CH,), 1.03-1.18 (m, 4 H,
((CH3)2,CHCH,),CHCH,CO,CHy), 0.95 (d,J = 6.7 Hz, 6 H, C=
CHCH,CH(CHg)2), 0.85-0.89 (m, 12 H, ((CH);CHCH,),CHCH,-
CO,CH,). FAB-MS (m/z relative intensity): 383 (MH, 100). Anal.
(Ca2H350s) C, H.

1-({ 4-(Chloromethyl)-2-[(phenylmethoxy)methyl](1,3-dioxolan-
2-yl)} methoxy)-4-methoxybenzene (X)3-Chloro-1,2-propanediol
(0.84 mL, 10.00 mmol) was added to a solutiorllof1.43 g, 5.00

mmol) andp-TsOHH,O (200 mg, 1.05 mmol) in benzene (100
mL). The mixture was refluxed for 16 h with azeotropic removal
of produced water. After cooling to room temperature, the mixture
was diluted with EtOAc and washed sequentially with saturated

NaHCGQ; and brine. The organic layer was dried over Mg%@d

concentrated in vacuo. Purification by silica gel chromatography
(hexanes/EtOAc, 15:1) gave (1.29 g, 68%) as a pale-yellow oil.

Journal of Medicinal Chemistry, 2007, Vol. 50, No. 3477

H NMR (CDCly) 6 7.27-7.34 (m, 5 H, PhCKOCH;,), 6.81-6.88
(m, 4 H, MeOCH4OCH,), 4.60-4.61 (m, 2 H, PhChEDCH),
4.44-4.53 (m, 1 H, H-4), 4.234.30 (m, 1 H, MeOGH,OCHH),
3.98-4.05 (m, 3 H, MeOGH,OCHH and H-§y), 3.77 (s, 3 H,
MeOCH40OCH,), 3.51-3.68 (M, 4 H, CHCHCI and PhCHOCH,).
FAB-MS (m/z relative intensity): 378 (M, 61.3), (91, 100). Anal.
(C0H23ClOs) C, H.
4-Methoxy-1-{ 4-methylene-2-[(phenylmethoxy)methyl](1,3-
dioxolan-2-yl)} methoxy)benzene (XI).A mixture of X (652 mg,
1.72 mmol) andBuOK (386 mg, 3.44 mmol) in THF (30 mL)
was refluxed for 19 h. After cooling to room temperature, the
mixture was washed with water, dried over MgS@nd concen-
trated in vacuo. Purification by silica gel chromatography (hexanes/
EtOAc, 15:1) gaveX| (472 mg, 80%) as a colorless oid NMR
(CDClg) 6 7.27—7.32 (m, 5H, PhCHOCH,), 6.81-6.90 (m, 4 H,
MeOCH4OCH;), 4.62-4.63 (m, 4 H, PhCKDCH, and MeOGH,-
OCHy), 4.44-4.45 (m, 1 H, G=CHH), 4.10 (s, 2 H, PhC}DCH,),
3.94-3.96 (m, 1 H, G=CHH), 3.77 (s, 3 H, MeOgH,OCH,), 3.72
(AB d,J=1.0Hz, 2 H, H-5). FAB-MS (m/z relative intensity):
343 (MH*, 8), 91 (100). Anal. (GH220s) C, H.
2-[(4-Methoxyphenoxy)methyl]-2-[(phenylmethoxy)methyl]-
1,3-dioxolan-4-one (XII). Oz was bubbled into a solution ofl
(3.38 g, 9.87 mmol) in CKCIl,/MeOH (20 mL/20 mL) for 10 min
and then degassed with, ldt —78 °C. To this was added dimethyl
sulfide (1.45 mL, 19.7 mmol) at 78 °C, and the mixture was stirred
at room temperature for 2 h. The resulting mixture was concentrated
in vacuo, and the residue was dissolved in,CH, washed with
brine, dried over MgS@ and concentrated in vacuo. Purification
by silica gel chromatography (hexanes/EtOAc, 4:1) gélle(2.42
g, 71%) as a colorless oflH NMR (CDCl) 6 7.29-7.38 (m, 5H,
PhCHOCH,), 6.80-6.86 (m, 4 H, MeOGH,OCH,), 4.63 (s, 2 H,
PhCHOCH,), 4.46 (AB q,J = 14.6 Hz, 2 H, PhCkDCH,), 4.17
(AB q,J=10.7 Hz, 2 H, MeO@H,OCH;,), 3.80 (AB ¢,J=11.1
Hz, H-5.1), 3.77 (s, 3 H, MeOGH,OCH,). FAB-MS (m/z relative
intensity): 383 (M+ K*, 8), 344 (MH™*, 76), 91 (100). HRMS
(FAB) calcd for GgH2006 (MH™): 34.1260. Found: 344.1266.
2-[(4-Methoxyphenoxy)methyl|-5-(3-methylbutylidene)-2-
[(phenylmethoxy)methyl]-1,3-dioxolan-4-one (XIV, R= CH,CH-
(CHj3)2). A solution of XIl (1.30 g, 3.8 mmol) in THF (4 mL) was
added dropwise to a solution of LDA (18 mR M in THF/hexanes,
8:1) at—78°C. After 30 min, isovaleraldehyde (0.61 mL, 5.6 mmol)
was added and the mixture was stirred-at8 °C for 2 h. The
reaction was then quenched with aqueous saturategCNtnd
the mixture was extracted with £ (2 x 100 mL). The combined
organic layer was dried over MgQ@nd concentrated in vacuo to
a yellow oil. The residual oil was then taken up in &Hb (30
mL) and treated sequentially with 4&t (2.2 mL, 15.8 mmol) and
MsCI (0.6 mL, 7.9 mmol) at OC. After being stirred at OC for
30 min, the mixture warmed to room temperature and stirred for 3
h. The mixture was then recooled to°G, treated with dropwise
addition of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 3 mL, 19.8
mmol), and allowed to warm to room temperature overnight. The
mixture was then concentrated in vacuo. The residue was filtered
through a short silica gel pad, washing with 50% EtOAc in hexanes,
and the filtrate was concentrated in vac@urification by silica
gel chromatography (hexanes/EtOAc, 7:1) gal¥¢ (R = CH,-
CH(CHg),, 238 mg, 15%) as an equal mixturefsfandE-isomers.
H NMR (CDCly) 6 7.28-7.37 (m, 5H, PhCHOCH,), 6.79-6.85
(m, 4 H, MeOGH4OCH,), 5.67 (t,J= 7.9 Hz, 0.5 H, GCHCH,-
CH(CHg),), 5.63 (t,J = 8.4 Hz, 0.5 H, G=CHCH,CH(CHy),), 4.64
(s, 2 H, PhCH OCH,), 4.19 (m, 2 H, MeO@H,OCH;,), 3.80-
3.81 (m, 2 H, PhCKOCH,), 3.77 (s, 3 H, MeOGH,OCH,), 2.40—
2.53 (m, 1 H, GCHCH,CH(CHg),), 2.09 (dd,J=7.9,6.9 Hz, 1
H, C=CHCH,CH(CHs),), 1.65-1.78 (m, 1 H, G=CHCH,CH-
(CHg)2), 0.91-0.94 (m, 6 H, G=CHCH,CH(CH),). FAB-MS (m/
z, relative intensity): 412 (¢, 100). Anal. (G4H250s) C, H.
2-[(4-Methoxyphenoxy)methyl]-5-[5-methyl-3-(2-methylprop-
yl)hexylidene]-2-[(phenylmethoxy)methyl]-1,3-dioxolan-4-one
(XIV, R = CH,CH(CHCH(CH3),),). A solution of X1l (1.84 g,
5.34 mmol) in THF (5 mL) was added dropwise to a solution of
LDA (24 mL, 2 M in THF/hexanes) at-78 °C. After 30 min, a
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solution of 5-methyl-3-(2-methylpropyl)hexanal (1.82 g, 10.7 mmol)
was added and the mixture was stirred-a&8 °C. After the mixture
was stirred at=78 °C for 2 h, the reaction was quenched with
aqueous saturated NEI and extracted with EO (2 x 100 mL).
The combined organic layer was dried over MgSfdd concen-
trated in vacuo to a yellow oil. The residual oil was then taken up
in CH,CI, (30 mL) and treated sequentially withs&t(3 mL, 21.4
mmol) and MsCl (1.2 mL, 16.0 mmol) atTC. After being stirred

at 0°C for 30 min, the mixture was warmed to room temperature

Choi et al.

aqueous saturated NaHg( x), dried over MgS@ and concen-
trated in vacuo. Purification by silica gel chromatography (hexanes/
EtOAc, 20:1) gave an equal mixture of geometric isomé&vs (R

= CH,CH(CHs);, R = CH,CH(CH,CH(CHg)2)2, 114 mg, 46%)

as a yellow oil.*H NMR (CDCl) 6 7.28-7.37 (m, 5H, PhCh
OCH,), 5.66 (t,J = 8.0 Hz, 0.5 H, G=CHCH,CH(CH;),), 5.62 (t,

J = 8.5 Hz, 0.5 H, GCHCH,CH(CHj)), 4.61 (s, 2 H, PhCH
OCH,), 4.29-4.39 (m, 2 H, ((CH),CHCH,),CHCH,CO,CH,),
3.65-3.72 (m, 2 H, PhCBEDCH,), 2.372.51 (m,~1 H, C=

and stirred for 3 h. The resultant solution was then recooled to 0 CHCH,CH(CH)y), 2.20-2.26 (m,~1 H, ((CHz).CHCH,),CHCH,-

°C, treated with dropwise addition of DBU (8 mL, 53.4 mmol),

CO,CH,), 2.08-2.11 (app t, 1 H, ((CH,CHCH,),CHCH,CO;-

and allowed to warm to room temperature overnight. The mixture CHy), 1.89-1.99 (m, 1 H, G=CHCH,CH(CHz),), 1.54-1.79 (m,
was then concentrated in vacuo. The residue was filtered through3 H, ((CHs),CHCH,),CHCH,CO,CH,), 1.02-1.17 (m, 4 H,
a short silica gel pad, washing with 50% EtOAc in hexanes, and ((CH3),CHCH,),CHCH,CO,CH,), 0.85-0.93 (18 H, G=CHCH,-

the filtrate was concentrated in vacugurification by silica gel
chromatography (hexanes/EtOAc, 7:1) ga®/ (R = CH,CH-
(CHCH(CHg)2)2, 981 mg, 37%) as a mixture & andZ-isomers.
IH NMR (CDCl) 6 7.28-7.37 (m, 5H, PhCHOCH,), 6.79-6.85
(m, 4 H, MeOCGH4OCH,), 5.60-5.68 (m, 1 H, GG=CHCH,CH-
(CH,CH(CHg),)2), 4.64 (s, 2 H, PhCHOCH,), 4.19 (d,J = 6.3
Hz, 2 H, MeOGH4OCH,), 3.79-3.81 (m, 2 H, PhCKDCH,), 3.76
(s, 3H, MeOGH,OCH,), 2.46-2.61 (m, 1 H, G=CHCH,CH(CH,-
CH(CHg)z)2), 2.16 (ddJ = 7.9, 5.7 Hz, 1 H, &CHCH,CH(CH,-
CH(CHg)2),), 1.56-1.71 (m, 3 H, G=CHCH,CH(CH,CH(CHs),)2),
1.06-1.11 (m, 4 H, G=CHCH,CH(CH,CH(CHj),),), 0.82-0.87
(m, 12 H, G=CHCH,CH(CH,CH(CH),),). FAB-MS (m/z relative
intensity): 496 (M*, 56). Anal. (GoH40Os) C, H.
2-(Hydroxymethyl)-5-(3-methylbutylidene)-2-[(phenylmethoxy)-
methyl]-1,3-dioxolan-4-one (XV, R = CH;CH(CH3),). Am-
monium cerium(lV) nitrate (921 mg, 1.7 mmol) was added to a
solution ofXIV (R = CH,CH(CHg),, 231 mg, 0.56 mmol) in CH
CN (16 mL) and HO (4 mL) at 0°C, and the mixture was stirred
for 30 min. The reaction mixture was then diluted with i)
and washed with kD. The organic layer was dried over MgsO

CH(CHg), and ((CH),CHCH,),CHCH,CO,CH;,). FAB-MS (m/z
relative intensity): 475 (MH, 2), (91, 100). Anal. (gH420s) C,H.
{5-[5-Methyl-3-(2-methylpropyl)hexylidene]-4-oxo-2-[(phenyl-
methoxy)methyl]-1,3-dioxolan-2-y} methyl 2,2-Dimethylpro-
panoate (XVI, R = CH,CH(CH,CH(CH3),),, R = C(CHy3)a3).
DMAP (2 mg, 0.013 mmol), BN (0.04 mL, 0.26 mmol), and
pivaloyl chloride (0.02 mL, 0.16 mmol) were added sequentially
to a 0°C solution of XV (R = CH,CH(CH,CH(CHs),),, 51 mg,
0.13 mmol) in CHCI, (5 mL). After being stirred for 2 h, the
mixture was washed with aqueous saturated Nakl(03) and
brine (1x), dried over MgS@ and concentrated in vacuo. Purifica-
tion by silica gel chromatography (hexanes/EtOAc 20:1) géve
(R = CH,CH(CH,CH(CHg)2)2, R = C(CHg)s, 51 mg, 82%) as a
colorless oil that was used without further purification in the next
step.H NMR (CDCl;) 6 7.28-7.37 (m, 5 H, PhCKHDCH;), 5.65
(t, J= 7.8 Hz, 0.5 H, GCHCH,CH(CH,CH(CH;)2)2), 5.62 (t,J
= 8.3 Hz, 0.5 H, G=CHCH,CH(CH,CH(CHg)»),), 4.62 (s, 2 H,
PhCHOCH,), 4.37 (AB g,J = 12.3 Hz, 1 H, CHC(O)OCH),
4.34 (s, 1 H, CHC(O)OCH), 3.67—3.69 (m, 2 H, PhCpDCH,),
2.49-2.53 (m, 1 H, GG=CHCH,CH(CH,CH(CH),)2), 2.15-2.19

and concentrated in vacuo. Purification by silica gel chromatography (m, 1 H, C=CHCH2CH(CH2CF(CH3)2)2), 1.54-1.71(m,3H, G

(hexanes/EtOAc, 6:1) gaveV (R = (CH,CH(CHg),, 156 mg, 91%)
as a yellow oil.*H NMR (CDCls) 6 7.28-7.37 (m, 5 H, PhCht
OCH,), 5.65 (app gJ ~# 8.3 Hz, 1 H, G=CHCH,CH(CHg),)), 4.61
(s, 2 H, PhCHOCH,), 3.82-3.84 (m, 2 H, HOCH), 3.67-3.74
(m, 2 H, PhCHOCH,), 2.38-2.51 (m, ~1 H, C=CHCH,CH-
(CHg)), 2.10-2.14 (m, ca. 1 H, ECHCH,CH(CH)), 1.99-2.02
(br m,1 H, HOCH), 1.63-1.80 (m, 1 H, G=CHCH,CH(CHg)),
0.90-0.94 (m, 6 H, G=CHCH,CH(CHs),). FAB-MS (m/z relative
intensity): 306 (M*, 9.7). Anal. (G/H2,0s) C, H.
2-(Hydroxymethyl)-5-[5-methyl-3-(2-methylpropyl)hexylidene]-
2-[(phenylmethoxy)methyl]-1,3-dioxolan-4-one (XV, R= CH,CH-
(CH,CH(CH 3)2)2). Ammonium cerium(lV) nitrate (375 mg, 0.684
mmol) was added to a solution &flV (R = CH,CH(CH,CH-
(CHa),)2, 113 mg, 0.228 mmol) in C¥CN (8 mL) and HO (2 mL)
at 0°C, and the mixture was stirred for 30 min. The reaction mixture
was then diluted with CkCl, and washed with kD. The organic
layer was dried over MgS£and concentrated in vacuo. Purification
by silica gel chromatography (hexanes/EtOAc, 6:1) g&¥e (R
= CH,CH(CH,CH(CHg),)2, 47 mg, 54%) as a pale-yellow oil that
was not further purified and was used immediately in the following
step.H NMR (CDCl;) ¢ 7.28-7.37 (m, 5H, PhChDCH,), 5.63
(app 0,J ~ 8.2 Hz, 1 H, GG=CHCH,CH(CH,CH(CH)2),), 4.61 (2
S, 2 H, PhCHOCH,), 3.83-3.85 (m, 2 H, HOCH), 3.69-3.71
(m, 2 H, PhCHOCH,), 2.51 (m,~1 H, C=CHCH,CH(CH,CH-
(CH3)2)2), 2.17-2.20 (m, ca. 1 H, ECHCH,CH(CH,CH(CHs),)2),
1.95 (br s, 1 H, HOCH), 1.55-1.57 (m, 3 H, G=CHCH,CH-
(CH:CH(CHg)z)2), 1.08 (app t, 2 H, €&CHCH,CH(CH,CH-
(CHs)2)2), 0.84-0.86 (m, 12 H, &CHCH,CH(CH,CH(CH))2).
{5-(3-Methylbutylidene)-4-oxo-2-[(phenylmethoxy)methyl]-
1,3-dioxolan-2-y} methyl 5-Methyl-3-(2-methylpropyl)hexanoate
(XVI, R = CH,CH(CH3), R' = CH,CH(CH,CH(CH3),)2). EtsN
(0.14 mL, 1.02 mmol) and 5-methyl-3-(2-methylpropyl)hexanoyl
chloride (0.02 mL, 0.16 mmol) were added sequentially to°€0
stirring solution ofXV (R = CH,CH(CHz),) (156 mg, 0.51 mmol)
in CH.Cl, (20 mL). After the mixture was allowed to warm to room

CHCH,CH(CH,CH(CHs),),), 1.17 and 1.18 (s, 9 H, G}&(0)-

OCH,), 1.08 (td,J = 7.0, 2.2 Hz, 4 H, &CHCH,CH(CH,CH-

(CHs)2)2), 0.84-0.86 (m, 12 H, G=CHCH,CH(CH,CH(CH))2).

FAB-MS (m/z relative intensity): 513 (MH, 8), 475 (MH", 2),

91 (100).
{5-[5-Methyl-3-(2-methylpropyl)hexylidene]-4-oxo-2-[(phenyl-

methoxy)methyl]-1,3-dioxolan-2-y} methyl 3-Methylbutanoate

(XVI, R = CH3CH(CH,CH(CH3),)2, R' = CH,CH(CH3)y).

Isovaleryl chloride (0.05 mL, 0.41 mmol) was added dropwise to

a 0°C stirring solution of DMAP (5 mg, 0.034 mmol), pyridine

(0.05 mL, 0.68 mmol), ankV (R = CH,CH(CH,CH(CH;)2),) in

CHCI, (10 mL). The ice bath was removed and the reaction mixture

warmed to room temperature. After being stirred at room temper-

ature for 24 h, the mixture was washed with aqueous saturated

NaHCG; (1x) and brine (X), dried over MgSQ@ and concentrated

in vacuo. Purification by silica gel chromatography gaf¢él (R

= CH,CH(CH,CH(CHg))2, R = CH,CH(CHs),, 135 mg, 84%)

as a pale-yellow oil consisting of predominantly a single isomer.

H NMR (CDCl) 6 7.29-7.38 (m, 5H, PhCKHOCH;,), 5.65 (t,J

= 7.9 Hz, 1 H, GCFCHCH,CH(CH,CH(CH),)2, 4.61 (s, 2 H,

PhCHOCH,), 4.30 (AB g,J = 12.3 Hz, 2 H, PhCKLDCH,), PhCH-

OCH,), 3.65-3.71 (m, 2 H, (CH),CHCH,CO,CH,), 2.15-2.21

(m, 4 H, G=CHCH,CH(CH,CH(CH),),) and (CH;),CHCH,CO.-

CHy), 2.00-2.10 (m, 1 H, (CH),CHCH,CO,CH,), 1.571.71 (m,

3 H, C=CHCH,CH(CH,CH(CH)),), 1.08 (td,J = 7.1, 1.4 Hz, 1

H, C=CHCH,CH(CH,CH(CHg)),), 0.93 and 0.94 (s, 6 H, (G-

CHCH,CO,CHy), 0.84 and 0.86 (s, 12 H,“8CHCH,CH(CH,CH-

(CHs)2)2). FAB-MS (m/z relative intensity): 475 (MH, 2), (91,

100) Anal. (Q8H4206) C,H
{2-(Hydroxymethyl)-5-[5-methyl-3-(2-methylpropyl)hexylidene]-

4-oxo-1,3-dioxolan-2-yymethyl 2,2-Dimethylpropanoate ¢,E-

4).BCl3 (0.3 mL, 0.32 mmql1l M in CH,Cl,) was added to a&78

°C solution ofXVI (R = CH,CH(CH,CH(CH;),)2, R = C(CHg)s,

51 mg, 0.11 mmol) in CECl, (5 mL), and the mixture was stirred

for 2 h. The reaction was quenched with aqueous saturated

temperature and was stirred for 4 h, the mixture was washed with NaHCGQ;, extracted with CHCI, (2x), dried over MgS@ and
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concentrated in vacuo. Purification by silica gel chromatography
(hexanes/EtOAc, 6:1) gavgE-4 (35.2 mg, 86% as a 1:1 mixture
of geometric isomers) as a pale-yellow diH NMR (CDCl) 6
5.67 (t,J = 7.9 Hz, 0.5 H, GCHCH,CH(CH,CH(CHs),),), 5.64
(t, J=8.3 Hz, 0.5 H, G=CHCH,CH(CH,CH(CHg)2),), 4.29-4.41
(m, 2 H, CHC(O)OCH), 3.80 (br t, 2 H, HOCH), 2.50 (dd,J =
8.3, 6.0 Hz, 1 H, &CHCH,CH(CH,CH(CH;),)2), 2.17 (dd,J =
7.8,5.8 Hz, 1 H, &CHCH,CH(CH,CH(CH;)2),), 2.14 (v br s, 1
H, HOCH,), 1.55-1.70 (m, 3 H, G=CHCH,CH(CH,CH(CH).)2),
1.18and 1.19 (s, 9 H, OC(O)G}1.06-1.10 (M, 4 H, G=CHCH,-
CH(CH,CH(CH;),)2), 0.84-0.87 (m, 12 H, GCHCH,CH(CH,-
CH(CHs)2)2). FAB-MS (m/z relative intensity): 385 (MH, 23),
(57, 100) Anal. (Q]_Hg@Og) C, H.

{2-(Hydroxymethyl)-5-[5-methyl-3-(2-methylpropyl)hexylidene]-
4-0x0-1,3-dioxolan-2-yi methyl 3-Methylbutanoate Z,E-5). BCl;
(2.4 mL, 1.4 mmal1 M in CH,CI,) was added to & 78 °C solution
of XVI (R = CH;CH(CH,CH(CH;)2)2, R = CH,CH(CHg),, 135
mg, 0.28 mmol) in CHCI, (10 mL), and the mixture was stirred
for 2 h. The reaction was quenched with aqueous saturated
NaHCGQ;, extracted with CHCI, (2x), dried over MgS@ and
concentrated in vacuo. Purification by silica gel chromatography
(hexanes/EtOAc, 5:1) gav&E-5 (87 mg, 80% as a single geometric
isomer) as a pale-yellow oil that solidified upon standing: mp-50
51 °C; *H NMR (CDCl;) 6 5.68 (t,J = 7.9 Hz, 1 H, G=CHCH,-
CH(CH)y), 4.36 (AB g, = 12.4 Hz, 2 H, ((CH),CHCH,CO,CH,),
3.82 (br AB d, 2 H, HOCH), 2.21-2.23 (m, 2 H, (CH),CHCH,-
COCHy), 2.17 (ddJ= 7.9, 5.7 Hz, 2 H, &CHCH,CH(CH,CH-
(CH3)2)2), 2.07 (p,J = 6.7, Hz, 1 H, (CH),CHCH,CO,CH,), 1.98
(vbrt, 1 H, HOCH), 1.571.72 (m, 3 H, GCHCH,CH(CH,CH-
(CHa)2)2), 1.09 (br t,J = 7.0 Hz, 4 H, G=CHCH,CH(CH,CH-
(CHa)2)2), 0.95 (d,J= 6.7 Hz, 6 H, (CH),CHCH,CO,CH;), 0.85-
0.87 (m, 12 H, GCHCH,CH(CH,CH(CH;)2),). FAB-MS (m/z,
relative intensity): 385 (MH, 18), 85 (100). Anal. (&H3¢0¢) C,

H.

[2-(Hydroxymethyl)-5-(3-methylbutylidene)-4-oxo-1,3-dioxolan-
2-ylimethyl 5-Methyl-3-(2-methylpropyl)hexanoate ¢,E-6). BCl;
(2.2 mL, 1.1 mmal1 M in CH,Cl,) was added to & 78 °C solution
of XVI (R = CH,CH(CH;),), R = CH,CH(CH,CH(CH),)2, 107
mg, 0.23 mmol) in CHCI, (10 mL), and the mixture was stirred
for 2 h. The reaction was quenched with aqueous saturated
NaHCG;, extracted with CHCI, (2x), dried over MgS@ and
concentrated in vacuo. Purification by silica gel chromatography
(hexanes/EtOAc, 6:1) gaw&E-6 (52 mg, 60% as a 3:2 mixture of
geometric isomers) as a pale-yellow dH NMR (CDClg) 6 5.69
(t, J=8.0 Hz, 0.6 H, CHCH,CH(CH),), 5.66 (t,J = 8.6 Hz,
0.4 H, G=CHCH,CH(CH),), 4.34 (s, 0.6 H, ((CH2.CHCH,),-
CHCH,CO,CH,), 4.32 (AB q,J = 12.4 Hz, 0.4 H, ((Ch)>-
CHCH;,),CHCH,CO,CH,), 3.82 (AB q,J = 12.8 Hz, 0.6 H,
HOCH;,), 3.80 (s, 0.4 Hz, 0.4 H, HOCHi 2.45 (dd,J = 8.6, 6.8
Hz, 1 H, C=CHCHHCH(CH),), 2.23-2.26 (m, 2 H, ((CH)2-
CHCH,),CHCH,CO,CH,), 2.11 (dd,J = 7.9, 6.9 Hz, 1 H, &
CHCHHCH(CH),), 1.90-1.99 (m, 1 H, G=CHCH,CH(CHg)),
1.53-1.81 (m, 3 H, ((CH).,CHCH,),CHCH,CO,CH,), 1.03-1.18
(m, 4 H, ((CH;),CHCH,),CHCH,CO,CH,), 0.93 (d,J = 6.6 Hz, 6
H, C=CHCH,CH(CH),), 0.86-0.89 (m, 12 H, ((CH),CHCH,)»-
CHCH,CO,CH,). FAB-MS (m/z relative intensity): 385 (MH,
100), Anal. (Q]_ngoe) C, H.
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