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The syntheses of (2S,6R)-6-(carboxymethyl)-2-hydroxy-2,4,4-trimethylmorpholinium chloride (hemiacetyl- 
carnitinium, HAC), (2S,6R)-6-(carboxymethyl)-2-ethyl-2-hydroxy-4,4-dimethylmorpholinium bromide (hemi- 
propanoylcarnitinium, HPrC), and (2S,6R)-6- (carboxymethyl)-2-hydroxy-4,4-dimethyl-2-phenylmorpholinium 
chloride monohydrate (hemibenzoylcarnitinium, HBC) are described. The crystal structure of HAC is reported 
and compared with crystal structures of HPrC, HBC, carnitineHC1, acetylcarnitineHC1, and acetylcarnitine- 
.HCl.H20. HAC, HPrC, and HBC inhibit carnitine acetyltransferase (CAT) activity from multiple biological 
sources. The best inhibitor, HAC, has Ki of 69 f 5 pM with rat liver peroxisomal CAT. HAC binds more strongly 
than the natural substrate (and isomer), acetylcarnitine. HAC also strongly inhibits, Ki = 92 f 14 pM, CAT 
from rat heart mitochondria. HPrC inhibits pigeon breast CAT with a Ki of 200 f 30 pM. HBC inhibits pigeon 
breast CAT, rat heart mitochondrial CAT, rat liver mitochondrial CAT, and rat liver peroxisomal carnitine 
octanoyltransferase (COT), with values of Ki of 3500 f 500,2400 f 70,1670 f 70, and 1100 f 100 pM, respectively. 
Racemic 6 ( c a r b o x y m e t h y l ) - 2 - h y d r o x y - 2 - p e n ~ d ~ l - 4 , 4 ~ e ~ y l m o ~ h o ~ ~  bromide (hemipalmitoylcamitinium, 
HPC) strongly inhibits (Ki = 2 f 0.3 pM) beef liver mitochondrial CPTi. In summary, hemiacylcarnitiniums 
show promise as a general class of carnitine acyltransferase inhibitors. 

The carnitine acyltransferases comprise a family of 
proteins that differ with respect to subcellular localization, 
substrate specificity, and sensitivity to inhibitors.' The 
molecular basis for this protein diversity remains unex- 
plained, but the recent mappings of multiple distinct gene 
 sequence^^-^ confirm the cellular synthesis of distinct po- 
lypeptides. Insufficient data are available to address the 
question of active site homology among these enzymes. 
The evaluation of putative active-site-directed inhibitors 
against a spectrum of carnitine acyltransferases reveals 
similarities and differences among these enzymes, and it 
provides information that is needed to design specific in- 
hibitors for each protein. 

Carnitine acetyltransferase (CAT), carnitine octanoyl- 
transferase (COT), and carnitine palmitoyltransferase 
(CPT) catalyze acyl transfer between carnitine and co- 
enzyme A (CoASH). CAT, CPT, and carnitineacyl- 
carnitine translocase regulate the transport of activated 
acyl groups across the inner mitochondrial membrane, 
while peroxisomes and microsomes contain COT activity. 
The three-dimensional structures of these proteins are 
unknown. 

Conformationally rigid inhibitors can probe the structure 
of enzymic binding sites. This idea originates in medicinal 
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N-Me 
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Me Me Enz-6: 

carnitine 

+ CoASH 

chemi~try;~fj  e.g., hemicholiniums' 1 are analogues of 
choline. Similarly, we make carnitine analogues, which we 
term hemiacylcarnitini~ms>~ 2. Racemic hemiacetyl- 
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carnitinium* (HAC, 2, R = CH3) and racemic hemi- 
palmitoyl~arnitinium~ (HPC, 2, R = (CH2)&H3) inhibit 
pigeon breast CAT and rat liver mitochondrial CPTi," 
respectively. 

OH +O+R OH 

/ \  
Me Me Me Me 

1 2 

Inhibitor Design. The design rationale" for these 
conformationally rigid analogues emanates from solution12 
and single-crystal X-ray13 structural studies, which show 
that carnitine and acetylcarnitine strongly prefer a gauche 
(-) conformation about the N€4-C3-0  torsion angle. The 
N-C5-C6-0 torsion angle in this morpholinium ring is 
locked in a gauche conformation. Furthermore, these 
analogues resemble the tetrahedral intermediate that we 
have proposed13 for CAT catalysis. 

CoAS- a 

n 
Hemiacylcarnitiniums V 
Y=OH 

Morpholiniums 

Y = H  / \  
Me Me 

In forming such a tetrahedral intermediate, the thiolate 
should approach the acyloxy from the less-congested side 
(carboxylate on carnitine "folded" back). This attack 
vector (gray arrow) is on the Re face of the ester, presuming 
that the acyloxyl group is in the most stable conforma- 
tion.I3 This R configuration of the tetrahedral interme- 
diate can adopt a conformation that favors intramolecular 
electrostatic ~atalysis. '~ The developing negative charge 
on the carbonyl oxygen would be stabilized by the posi- 
tively charged trimethylammonium group. The enzymes 
also recognize the configuration a t  C3 of (acy1)carnitine 
during the acyl transfer. A reaction-intermediate analogue 
must mimic both of these configurations. 

A covalent bond (C2-C3) in the morpholinium ring re- 
places this electrostatic interaction. A six-membered ring 
was chosen because of ease of synthesis and fewer con- 
formations, although a seven- or eight-membered ring 
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mitochondrial membrane. CF'T, (or CPT-I or CPT-A) is the enzyme 
located on the outer mitochondrial membrane. Whether these are the 
same protein remains a confusing issue. For a complete update on the 
confusion, see: Current Concepts in Carnitine Research; Carter, A. L., 
FA., CRC Press: Boca Raton, 1992; pp 129-178. 
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Figure 1. ORTEP drawing of 6-(carboxymethyl)-2-hydroxy- 
2,4,4-trimethylmorpholinium chloride (hemiacetylcarnitinium, 
HAC). 

might better structurally match the putative tetrahedral 
intermediate. Conformational considerations in six-mem- 
bered rings dictate that the carboxymethyl and the alkyl 
chain are cis diequatorial in the most stable conformation. 
Substituent Y represents a possible location for coenzyme 
A. 

To test the feasibility of the design, we have synthesized 
morpholiniums15 (Y = H) and hemiacylcarnitiniums (2- 
hydroxymorpholiniums, Y = OH). Herein, we describe the 
syntheses and structures of HAC, hemipropanoyl- 
carnitinium (HPrC, 2, R = CH2CH3), and hemibenzoyl- 
carnitinium (HBC, 2, R = Ph). Then, we report the in- 
hibition constants for these compounds and racemic HPC 
with various carnitine acyltransferases from different 
sources. 

Results 
Syntheses of Hemiacylcarnitiniums. Synthesizing 

hemiacylcarnitiniums requires norcarnitine, 3, which we 
make in high yield by demethylating carnitine with thio- 
phenol in 2- (NJ-dimet hy1amino)ethanol. l' C hloro- 
acetone, l-bromo-2-butanone, and chloroacetophenone 
react with 3 to produce the corresponding morpholinium 
ester hemiketals, 4 (not purified), which hydrolyze in the 

/ \  
Me Me 

3 

*OYR OH 

- 2  

Me Me 

HX, H20 

4 

corresponding aqueous hydrogen halide to give HAC, 
HPrC, and HBC, respectively. The  highly favored ring 
closure only gives an axial hydroxyl, which arises from the 
anomeric effect,'; the gauche effect, and steric effects. We 
only detect the hemiketal form in NMR and IR spectra. 

~ 

(15) Colucci, W. J.; Gandour, R. D.; Fronczek, F. R.; Brady, P. S.; 

(16) Colucci, W. J.; Turnbull S. P., Jr.; Gandour, R. D. Anal. Biochem. 
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1987, 162,459-462. 

Effects at Oxygen; Springer-Verlag: Berlin, 1983; pp 3-32. 
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Table I. Comparison of S t ruc tu ra l  Parameters of Hemiacylcarnitiniums, Carnitine, and  Acetylcarnitine 

-b c4.+ - 

A- 
N 1 4 4 4 3 - 0 3  C 1 4 2 4 3 - C 4  C 4 4 3 - 0 3  N 1 4 4 4 3  

structure (deg) (deg) (deg) (deg) C3-03 (A) 0 3 4 8  (A) C8-04 (A) 
HAC -57.0 (2) -72.3 (2) 110.2 (2) 112.0 (3) 1.428 (2) 1.429 (3) 1.395 (3) 
HPrC -56.8 (4) 179.8 (3) 110.1 (2) 112.0 (2) 1.426 (4) 1.431 (4) 1.396 (4) 
HBC(A)*l/BH,O -60.3 (3) -167.1 (3) 110.0 (2) 110.7 (2) 1.430 (4) 1.428 (3) 1.392 (4) 
HBC(B).l/BH,O -57.1 (3) -66.1 (4) 109.9 (2) 112.1 (2) 1.442 (4) 1.412 (3) 1.411 (4) 

AcCarn-HC1 -88.0 -71.4 105.0 (4) 115.9 (4) 1.470 (7) 1.352 (6) 1.195 (5) 
AcCarPHCbHzO -83.6 -77.1 106.8 (2) 116.4 (2) 1.451 (2) 1.349 (2) 1.203 (2) 

Carn-HC1 -66.4 -166.2 111.3 (7) 116.8 (7) 1.42 (1) n/aa n/a 

a Not applicable. 

Table 11. Inhibition Constants of Hemiacylcarnitiniums wi th  Various Carnit ine Acyltransferases 

inhibitor enzyme 
substrate K,,, inhibitor Ki 

substrate rM, f SE' pM, f SE 
HAC 

rat liver peroxisomal CAT (R)-acetylcarnitine 290 f 20b 69 i 5b 

rat heart mitochondrial CAT CoASH 130 f 20b 92 f 14* 

pigeon breast CAT (R)-carnitine l2od 200 i 30b 

(R)-carnitine 143O 

HPrC 

(R)-acetylcarnitine 350d 
HBC 

pigeon breast CAT (R)-carnitine l2od 3500 MH)b 

beef liver peroxisomal COT (R)-carnitine 200' 1100 t l00b 

beef liver mitochondrial CPTi (R)-carnitine 2oooe 

rat heart mitochondrial CAT CoASH 120 f l o b  2400 f 70b 
rat  liver peroxisomal CAT (R)-acetylcarnitine 280 i l o b  1670 f 70b 

HPC 
2.0 f 0.3b 

rat liver mitochondrial CPTi (R)-carnitine 2od 5.1 i 0.7f 
(R)-palmitoylcarnitine 3 d  1.6 f 0.d 

' Standard error. *This work. Reference 25. Reference 23. e Reference 29. f Reference 9. 

Single-crystal X-ray analyses have confirmed the struc- 
tures. 

Comparison of Crystal  Structures .  Figure 1 shows 
the crystal structure of HAC. Table I lists selected 
structural parameters from HAC, HPrC,'* HBC.1/2H20,1g 
carnitine*HC1,20 acetylcarnitine.HC1,21 and acetyl- 
~ a r n i t i n e H C L H ~ 0 . ~ ~  The Nl-C3-C4-03 torsion angle 
is smaller in the cycles than in the open-chain compounds, 
especially acetylcarnitine. The cycle enforces a torsion 
angle of approximately +OD. In solution, carnitine slightly 
prefers anti for the Cl-C2-C3-C4 torsion angle, but ace- 
tylcarnitine prefers gauche (-).12 The cycles show no 
preference between anti and gauche (-1 in this torsion 
angle. HBC has a molecule in each conformation in the 
crystal. The steric and electrostatic repulsions that favor 
gauche (-1 in acetylcarnitine are absent in the cycles. The 
Nl-C4-C3 bond angle is smaller in the cycles, where it is 
nearly tetrahedral. The C442343 bond angles are similar 
to that in carnitine but larger than those in the acetyl- 
carnitines. The C3-03 bond distances in the cycles are 
shorter than that in acetylcarnitine, but 03-C8 is longer 

(18) Blackwell, N. L.; Fronczek, F. R.; Gandour, R. D. Acta Crystal- 

(19) Blackwell, N. L.; Fronczek, F. R.; Gandour, R. D. Acta Crystal- 

(20) Tomita, K.4; Urabe, K.; Kim, Y. B.; Fujiwara, T. Bull. Chem. 

(21) Sass, R. L.; Werness, P. Biochem. Biophys. Res. Commun. 1973, 

logr. 1989, C45, 1089-1091. 

logr. 1990, C46, 1164-1166. 

SOC. Jn. 1974,47, 1988-1993. 

5.5. 738-742. - - , . - - . 

(22) Destro, T.; Heyda, A. Acta Crystallogr., Sect. B 1977, B77, 
504-509. 

in the cycles than in acetylcarnitine. In the latter, C8 is 
an spz-hybridized carbon, which gives a shorter distance. 
In summary, the cycles have more idealized values for 
structural parameters than do carnitine and acetyl- 
carnitine. 

Enzymatic Assays. Hemiacylcarnitiniums inhibit 
carnitine acyltransferases. Table I1 displays inhibition 
constanta (Ki) for hemiacylcarnitiniums as competitive 
inhibitors in either the forward (acylCoA + carnitine +) 
or the reverse direction (acylcarnitine + CoASH +), 
varying one substrate with the other saturating. In order 
to compare the binding of inhibitors with that of sub- 
strates, we assume that values of K, approximate disso- 
ciation constants (KJ; e.g., K, (120 bMIz3 and K, (115 
PM)~' of (R)-carnitine for pigeon breast CAT are almost 
iden tical. 

1. HAC. HAC binds better than (&carnitine or 
(R)-ace ty ld t ine  to CAT. In rat liver peroxisomal CAT, 
HAC binds 2-fold better than (R)-carnitinez5 and 4-fold 
better than (R)-acetyldt ine.  In rat heart mitochondrial 

HAC binds better than CoASH. In pigeon breast 
CAT, HAC (Ki = 59 C~M)~'  binds 2-fold better than (R)- 
carnitinezs and 6-fold better than (R)-acetylcarnitine.23 

(23) Chase, J. F. A,; Tubbs, P. K. Biochem. J. 1966,99, 32-40. 
(24) Tipton, K. F.; Chase, J. F. A. Biochem. J. 1969, 116, 617-521. 
(25) Markwell, M. A. K.; Tolbert, N. E.; Bieber, L. L. Arch. Biochem. 

(26) Chung, C.; Chung, C. D.; Bieber, L. L. h o t .  Erpr. Purif. 1991,2, 

(27) For a review of CAT see: Colucci, W. J.; Gandour, R. D. Bioorg. 

Biophys. 1976,176,479-488. 

426-431. 

Chem. 1988,16, 307-334. 
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HAC does not inhibit rat or beef liver peroxisomal COT 
or rat or beef liver mitochondrial CPTi. 

2. HPrC. HPrC inhibits pigeon breast CAT with a Ki 
that is 3-fold larger than that of HAC (Ki = 59 P M ) . ~  This 
result parallels the decreased activity of pigeon breast CAT 
with (R)-propanoylcarnitine compared to (R)-acetyl- 
carnitine.28 

3. HBC. HBC weakly inhibits one COT and three 
CATs. HBC binds to the three CATs less tightly than do 
the substrates. HBC inhibits beef liver peroxisomal COT 
more effectively than it does the three CATs. I t  does 
inhibit rat liver CAT better than pigeon breast and rat 
heart CAT, both of which are proteins from muscle. HBC 
does not inhibit rat liver peroxisomal COT, rat liver mi- 
tochondrial CPTi, and beef liver mitochondrial CPTi. 

4. HPC. Racemic HPC strongly inhibits beef liver 
mitochondrial CPTi with (R)-carnitine as the competing 
substrate and decanoylCoA as the saturating substrate. 
Racemic HPC binds better than the  substrate^.^^ The 
inhibition is better than that for rat liver mitochondrial 
CPT? with palmitoylCoA as the saturating substrate. The 
Ki values vary for the rat liver enzyme depending on which 
substrate is saturating. 

Discussion 
Hemiacylcarnitiniums competitively inhibit carnitine 

acyltransferases with Ki’s in the same range as the Km’s 
or K8’s of the substrates, (R)-carnitine and (R)-acyl- 
carnitine. HAC binds to CAT better than (R)-carnitine 
and (R)-acetylcarnitine, and HPC binds to CPTi much 
better than the (R)-carnitine and (R)-palmitoylcarnitine. 
This suggests that the hemiacylcarnitiniums compete well 
with substrates for the active site. 

Ring4hain Tautomerism. The hemiacylcarnitiniums 
presumably bind to the enzymes as cyclic structures, but 
the evidence is circumstantial. A fraction of the compound 
in solution might be in the open form (eq l), but none of 
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a hemiacylcarnitinium is the same relative configuration 
as the proposed tetrahedral intermediate. Our design 
predicts that of the four possible stereoisomers the 2S,6R 
enantiomer will inhibit most strongly. Because the hy- 
droxy is more stable in the axial position, formation of the 
hemiketal gives only one pair of enantiomers 
(2R,6S2S,6R). This stereoselective reaction excludes the 
formation of the 2S,6S:2R,6R pair, which has equatorial 
hydroxys. Unfortunately, we cannot use hemiacyl- 
camitiniums to determine the configuration of the reaction 
center by comparing the values of Ki of the four stereo- 
isomers. (We are designing new morpholiniums to test the 
chirality of the tetrahedral intermediate.) 

Comparison of Hemiacylcarnitiniums with Other 
Inhibitors. HAC strongly inhibits CAT compared to 
other competitive  inhibitor^.^' (Acety1amino)carnitine 
inhibits pigeon breast CAT and rat liver CAT with values 
of Ki of 24 and 130 pM, re~pect ively.~~ (Acety1amino)- 
carnitine competitively inhibits CAT because acetyl 
transfer to CoASH is endergonic. Other morpholiniums 
inhibit pigeon breast CAT;15 e.g., racemic 5 (R = CH3) has 

n;r” / \  

Me Me 

5 

a Ki of 1080 pM. Comparison of inhibition by HAC to that 
by 5 (R = CHJ suggests that a hydroxyl group improves 
binding. The (S)-(carboxymethyl)-CoA-(R)-carnit~e ester, 
which forms during the CAT-catalyzed reaction of (R)- 
(bromoacety1)carnitine and CoASH, inhibits pigeon breast 
CAT most effe~t ively.~~ This bisubstrate analogue% binds 
to CAT with an estimated Ki less than the product (0.012 
pM) of the individual Km’s. 

Enzymic Selectivity. The selectivity of inhibition by 
the hemiacylcarnitiniums suggests that this class of in- 
hibitors might be useful for comparing the various car- 
nitine acyltransferases. Inhibition of pigeon breast CAT 
by HAC, HPrC, and HBC resembles the pattern of 
chain-length specificity of acylcarnitines as substrates for 
this enzyme.2s HAC does not inhibit COT or CPTP HBC 
weakly inhibits the CATs and beef liver peroxisomal COT. 
HBC inhibits the liver enzymes better than those from 
muscle (pigeon breast or heart). Racemic HPC strongly 
inhibits both rat and beef liver CPTi, but not CAT. 

Summary and Conclusions 
After structural studies12 on carnitine and acetylcarnitine 

as well as an analysis of a possible mechanism for acyl 
transfer,13 we have designed and synthesized effective in- 
hibitors of CAT and CPTi. The exact mode of action of 
these inhibitors, however, remains to be demonstrated. 
Racemic HPC is currently the most potent inhibitor of 
purified rat liver CPTi and beef liver CPTP HAC and 
racemic HPC bind more strongly than their respective 
natural substrates (and isomers), the acylcarnitines. Be- 
cause they lack a CoASH fragment, hemiacylcarnitiniums 
have values of Ki that are too large to claim these inhibitors 
as reaction-intermediate analogues. Nevertheless, they 
work well, if only as acylcarnitine (substrate) analogues. 
Our ultimate goal is to construct a bisubstrate reaction- 
intermediate analogue. The morpholinium framework 

U 

1 Y = H  

2 Y=CH2C02’ 

the open form is seen by NMR. Furthermore, NMR 
studies also indicate that the six-membered ring strongly 
favors the conformation that is seen in the crystal. Axial 
and equatorial signals are resolved, e.g., HBC. We cannot 
completely exclude selective binding of the open form, 
which might react with CoASH or the thiol of the cysteine 
in the active sitez7 to form a hemithioketal. (We are de- 
signing compounds to explore this possibility.) 

Equilibrium constants for hemiaroylcholiniums (1, R = 
Aryl) range from 1.4 to 176 for electron-donating to elec- 
tron-withdrawing s u b ~ t i t u e n t s . ~ ~  The pK, values of the 
hemiketal hydroxyl range from 12.0 to 10.0 in the same 
series. We estimate that  hemiacylcarnitiniums have 
equilibrium constants of c a  lo00 for this tautomerization 
and pK, values around 11 for the hydroxyl. 

The hemiketal carbon of hemiacylcarnitiniums and the 
hemiortho thioester carbon of the putative tetrahedral 
intermediate are chiral centers. The 2 s  configuration of 

(28) Chase, J. F. A. Biochem. J. 1967, 104, 510-518. 
(29) Ramsay, R. R. Unpublished results. 
(30) Ssrensen, P. E.; McClelland, R. A.; Gandour, R. D. Acta Chem. 

Scand, Ser. A 1991, A 4 5  558-566. 

(31) Jenkins, D. L.; Griffith, 0. W. J. Biol. Chem. 1981, 260, 

(32) Chase, J. F. A,; Tubbs, P. K. Biochem. J. 1969 111, 225-235. 
(33) Byers, L. D. J. Theor. Biol. 1978, 74, 501-512. 

14748-14155. 
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provides a basis for elaborating our design. 

Experimental Section 
Hexane was distilled from CaH2, E t 0  from sodium benzo- 

phenone ketyl, and THF from Na and K. i-PrOH was distilled 
from CaO and stored over 5-A sieves. MeOH was distilled and 
stored over 4-A sieves. Reagent-grade acetone, MeCN, and 
chloroacetone and absolute EtOH were used as received. 1- 
Brom*2-butanone (Aldrich) was recrystallized at low temperature. 
2-Chloroacetophenone was recrystallized from hot MeOH using 
decolorizing carbon. Sodium (R)-norcarnitine was prepared by 
the demethylation of (R)-carnitine (Sigma Tau) and recrystallized 
from hot i-PrOH. Racemic HPC was prepared previously? FAB 
MS samples were suspended in glycerol. MicAnal Organic Mi- 
croanalysis of Tuscon, AZ, and Oneida Research Services of 
Whiteaboro, NY, did the elemental analyses. The optical rotations 
were recorded at Tulane University School of Medecine. 

Vapor-diffusion crystallizations were carried out by dissolving 
the compound in a solvent in an oversized beaker or test tube, 
placing this container in a d e d  jar containing a volatile coeolvent, 
and allowing the assembly to stand for several d. Alternatively, 
crystallizations on a larger scale were more conveniently done by 
placing the solution in a single-neck round-bottom flask and 
attaching a sealed cosolvent reservoir. 
(2s ,6R )-6- (Carboxymet hyl)-2-hydroxy-2,4,4-trimet hyl- 

morpholinium Chloride (Hemiacetylcarnitinium, HAC). 
Sodium (R)-norcarnitine (3.38 g, 20.0 "01) was dissolved in hot 
i-PrOH (175 mL), and chloroacetone (5.55 g, 60.0 mmol) was 
added. After 12 h of reflux, NaCl (1.125 g) was collected by 
filtration. The fiitrate was concentrated to a thick oil, which was 
triturated with E g o  and dried under vacuum. A solution of the 
resulting solid in 2 M HCl(60 mL) was refluxed for 12 h. Con- 
centrating the acidic solution gave a yellow glassy solid, which 
was triturated with MeCN (4 X 220 mL). The resulting white 
solid was dried (3.68 g, 77%). The solid was recrystallized from 
EtOH/MeOH (190 mL/10 mL) by vapor diffusion with Ego. 
After several d, large colorless needles formed; mp 200 OC dec: 
'H NMFt (100 MHz, ref to DSS in D20) 6 4.9 (m, HCO), 3.75-3.15 
(m, CH2N+),3.46 (s,CH3N+), 3.22 (s,CH3N+), 2.80, 2.60 (dd,dd, 
CH2COO), 1.48 (a, CCH,); IR (KBr) 3462-2662 (b, OH), 1722 (e, 
C=O) cm-'; [a]D22.5 +42.9" (c 0.884, H20). Anal. Calcd for 

N, 5.60. 
(2S,6R )-6-(Carboxymethyl)-2-ethyl-2-hydroxy-4,4-di- 

methylmorpholinium Bromide (Hemipropanoylcamithiarnitinium, 
HPrC). Sodium (R)-norcamitine (1.0 g, 5.9 mmol) was dissolved 
in hot i-PrOH (100 mL), and 1-bromo-2-butanone (1.78 g, 12.0 
mmol) was added. The solution was refluxed for 48 h. The 
precipitated NaBr (0.56 g, 92%) was filtered. Concentrating the 
filtrate gave a yellow oily solid, which was triturated with anhyd 
EgO (3 X 20 mL) to remove excess bromo ketone. After drying 
overnight, a flaky yellow solid (2.09 g) formed. The 'H NMR 
spectrum suggested the desired ester hemiketal. The yellow solid 
(2.09 g) was diesolved in 2 N HBr (50 mL) and stirred in the dark 
for 6 d. Evaporating the H20 produced an orange oil, which was 
washed with MeCN several times to form a yellow solid (0.97 g). 
This solid was recrystallized drom anhyd EtOH by vapor &ion 
with anhyd Ego. Off-white crystals (0.43 g, 24% yield) were 
collected, mp 157-158 OC: 'H NMR (100 MHz, ref TSS in D20) 
6 4.9 (m,HCO), 3.75-3.15 (m,CH2N+), 3.46 (s,NCHh),3.22 (e, 

'% I$% (100 MHz, ref TSS in CD3CN) 6 171 (COOH), 90 (C2), 

(CH2CH3), 5 (CH2CHa); IR (K%r) 3500-2700 (b, OH), 1750 (e, 
C 4 )  cm-'; MS mle 218.0 (1001, 174 (60), 116 (40); daughters 
of 218.0 218.0 (50), 116.0 (loo), 102.9 (25), 85.0 (70), 71.0 (25), 
58.1 (40),46.2 (5). Anal. Calcd for Cl,,H&rNOl C, 40.28; H, 6.76; 
N, 4.70. Found C, 39.96; H, 6.85; N, 4.48. 
(2s ,6R )-6-(Carboxymethyl)-2-hydroxy-4,4-dimethyl-2- 

phenylmorpholinium Chloride Monohydrate (Hemi- 
benzoylcarnitinium, HBC). Sodium (R)-norcarnitine (1.0 g, 
5.9 mmol) was dissolved in hot i-PrOH (150 mL), and 2-chloro- 
acetophenone (2.77 g, 18.0 mmol) was added. The solution was 
refluxed for 48 h and NaCl precipitated. Filtering the salt and 
concentrating the fiitrate gave an oily solid, which was triturated 
with anhyd E40 (3 x 20 mL) to produce a glassy orange solid. 

C&I&N04 C, 45.10; H, 7.57; N, 5.84. Found: C, 45.20; H, 7.M 

NCH ) 2.80,2.60 (dd, dd, CHZCOO), 1.74 (9, CHJ, 0.93 (t, CHJ; 

65,62 (C3,C5), 60 (CS), 57 (NC ),51 (NC,), 38 (CHzCOOH), 31 

Gandour et al. 

After being dried overnight, the orange solid (2.5 g) wae dieeolved 
in 2 N HCI (100 mL) and refluxed for 48 h. Concentration of the 
solution gave an oil, which was washed repeatedly with MeCN. 
The viecous oil was dried for 12 h, and a yellow solid formed (1.45 
g). The solid was washed with anhyd EhO to remove residual 
MeCN and with acetone to remove color. Recrystallizing by vapor 
diffusion with Ego from MeOH resulted in white cryetals (0.210 
g, 15% yield); mp 189-189.5 "C: 'H NMR (200 MHz, refTMS 
in 5050 DMSO-c&:CsDB) S 7.70-7.40 (m, Ar), 4.90 (m, HCO), 3.90 

(t, CSH), 3.20 (s, NCHW), 2.80,2.60 (dd, dd, CH&OO). &NMR 
(200 MHz, ref TMS in 5050 DMSO) 8 171 (COOH), 141 (Cl), 
129 (C4'), 128,126 (C2',C3'), 95 (C2), 65,62 (C3, C4), 61 (CS), 67 
(NC ), 51 (NCA, 38 (CH,COOH); IR (neat) 3500-2700 (b, OH), 
1732%, C=O) Qn-1; MS m/e 266.2 (>loo), 164.0 (loo), 129.9 (40); 
daughters of 266.2 265.7 (loo), 206.1 (5), 164.0 (95), 130.0 (5),119.1 

MeOH). Anal. Calcd for [C14Hd0,]Cl X 1/2Hz01B C, 54.11; 
H, 6.81; N, 4.51. Found C, 54.07; H, 6 .w N, 4.47. 

Enzymatic Assays. East Lansing. Kinetic analyeeg were 
performed using a kinetic analyzer and calculations with the 
Tankin Program" Initial velocity was measured by monitoring 
the appearance of product, acetylCoA, at 232 nm (e = 4.6 
pmol/cm? at rt The valw of Ki and K ,  were calculated by linear 
least-squares analysis of [inhibitor] vs observed K,. Condition# 
and results for each analysis follow. 

1. HAC and HBC Inhibiting Rat Liver Perolisomal CAT. 
Conditions for the assays were as follows: 50 mM KHPO, buffet, 
pH = 7.5; [CoASHl = 400 pM, [(R)-ac%tylcarnitine] ranged from 
69 to 1670 pM (seven values); and 10 pL of purified rat liver 
peroxisomal CAT.% 

For [HAC] = 0,77.5, and 155 pM HAC, observed valuee of K ,  
were 257,674, and 905 pM, respectively, and o b ~ e ~ e d  valuee of 
V ,  were 28.7,27.4, and 31.2 m o l  mL-' &I-', mpectively. Thaae 
data gave Ki = 69 f 5 pM and K ,  = 290 f 20 pM. 

For [HBC] = 0,1500, and 3000 pM HBC, o b s e ~ d  valuee of 
K ,  were 281,513, and 777 pM, respectively, and obee~ed values 
of V,, were 30.7, 31.7, and 22.8 nmol mL-' min-', respectively. 
These data gave K, = 1670 f 70 pM and K ,  = 280 f 10 pM. 
2. HAC and HBC Inhibiting Rat Heart Mitochondrial 

CAT. Conditions for the assays were as follows: 50 mM KHP04 
buffer; pH = 7.5; [(R)-acetylcarnitinel= 31 mM; [CoASH] ranged 
from 24 to 240 pM (seven values); and 20 pL of purified rat heart 
mitochondrial CAT.% 

For [HAC] = 0,62.2,124.4, and 311 pM, observed values of 
K, were 120,213,353, and 573 pM, respectively. Thw data gave 
K, = 92 f 14 pM and K, = 130 f 20 pM. 

For [HBC] = 0,360, and 1080 pM, observed values of K ,  were 
119,130, and 170 pM, respectively. These data gave K, = 2400 * 70 pM and K ,  = 120 f 10 pM. 

San Francisco. h a y s  were performed as described by 
Ramsay and Tubbs,9' and linear least-squares analyses of Dixon 
plots were used to calculate the values of Ki. 

1. HBC Inhibiting Beef Liver Peroxisomal COT. Con- 
ditions for the aseaye were as follows: 20 mM KHP04 buffer; pH 
= 7.4; [decanoylCoA] 50 pM (K,  = 1 pM);2B [aldrithiol] = 125 
fiM, [(R)-carnitine] = 100,200, and 1000 p M  purified beef liver 
peroxisomal COTSa and [HBC] ranging from 100 to 1000 pM 
(seven values). A value of Ki = 1100 f 100 pM was found. 
2. HBC Inhibiting Pigeon Breast CAT. Conditione for the 

assays were as follows: 20 mM KHP04 buffer; pH = 7.4; [ace- 
tylCoA] = 300 pM (K, = 34 fiM);" [aldrithiol] = 126 pM, 
[ (R)-carnitine] = 200 and lo00 pM (K, = 120 P M ) ; ~  pigeon breaet 
CAT (Sigma); and [HBC] ranging from 100 to 1000 pM (seven 
values). A value of Ki = 3600 * 500 pM waa found. 

3. HPC Inhibiting Beef Liver Mitoohondrial CPT,. 
Conditions for the assays were as follows: 20 mM KHP04 buffer; 

(d, CSH,), 3.70 (d, C3-H), 3.60 (t, CSH,), 3.50 (NCH ,3.30 

(15), 103.0 (25), 91.1 (70),84.1 (40), 58.2 (5); [CY]D% +41.B0 (C 8.1, 

(34) LeBlond, D. J.; Ashendel, C. L.; Wood, W. A. Anal. Biochem. 

(35) LeBlond, D. J.; Ashendel, C. L.: Wood. W .  A. Anal. Biochem. 
1980,104,355-369. 

1980,104,370-385. 
(36) Fiol, C. J.; Bieber, L. L. J. Bid .  Chem. 1984,259, 13084-13088. 
(37) Ramsay, R. R.; Tubbe, P. K. FEBS Lett. 1976,%, 21-25. 
(38) Ramsay, R. R.; Derrick, J. P.; Friend, A. S.; Tubb, P. K. Bio- 

chem. J .  1987,24#, 271-278. 
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pH = 7.4; [decanoylCoA] = 50 pM ( K ,  = 10 N M ) ; ~  [aldrithiol] 
= 125 pM, [(R)-carnitine] = 1000,2500, and 1000 pM, purified 
beef liver mitochondrial CPTi;s*m and [HPC] ranging from 0.5 
to 20 pM (six values). A value of Ki = 2 f 0.3 pM was found. 

Cleveland. HPrC Inhibiting Pigeon Breast CAT. Con- 
ditions for the aasaya were as 0.1 mL DTNB (1 mM 
in 1 M TRIS, p H  = 8.1); 25 pL of &mM acetylCoA; 10 pL of 
pigeon breast CAT (88 pg/mL, Sigma); [(R)-carnitine] = 75,750, 
1500, and 3000 pM, [HPrC] = 0,25,50,100,500,1000, 2500, and 
5OOO pM, and total volume = 1 mL. Velocities (pmollminl 
qprotein) were measured and gave the following results for the 
respective concentrations of HPrC: 75 pM (R)-carnitine: 15.0, 
13.0,11.4,8.9,4.2,2.7, -, 0.78; 750 pM (R)-carnitine: 42.4, 39.4, 

(39) Clarke, P. R. H.; Bieber, L. L. J. Biol. Chem. 1981, 249, 
9861-9868. 
(40) Ramsay, R. R. Biochem. J., 1988,249,239-245. 
(41) Fritz, I. B.; Schultz, S. K. J. Biol. Chem. 1965,240, 2188-2192. 

41.4,33.1,25.1, 18.7, -, 6.0; 1500 pM (R)-carnitine: 43.4, -, 39.4, 
40.4,35.1,37.7, 18.7,8.6; and 3000 pM (R)-carnitine: 53.1,109.6, 
54.8,93.5,63.5,45.4, -, 10.7. K j  = 200 f 30 pM from Dixon plota 
and was confirmed by transformed double-reciprocal plots (Le., 
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Subtilisin-catalyzed eaterificaton of methyl 4O-~-D-g~~pyran~y l -~ -~ -g lucopyranos ide  (methyl fl-ladoside) 
(1) with 2,2,2-trichloroethyl butyrate (3) distinguished between the two primary hydroxyl groups of 1, yielding 
exclusively the 6’-O-monobutyryl derivative 6 from which 6’-deoxy-6’-fluoro- and 6-deoxy-6-fluorolactosides (22 
and 29, respectively) were efficiently synthesized. A key feature in the synthesis of 22 was the use of the 
2,4,6-trimethylbenzoyl (meaitoyl) group to protect the remaining free hydroxyl groups. A mesitoate ester, in 
addition to being inert to the condition that hydrolyzed a butyrate ester, could be easily cleaved by reduction 
with AlHs without hydrogenolyais of a C-F bond. The steric bulk of a mesitoyl group suppressed the (2-4’ - 
(2-6‘ acyl migration during the fluorination with (diethy1amino)sulfur trifluoride (DAST). The success in the 
synthesis of 29 depended on the choice of solvent employed for the DAST fluorination. With diglyme the desired 
6-fluor0 derivative 28 was the only product, whereas the use of CHzClz yielded 6-O-methyl-,9-lactosyl fluoride 
30 concomitantly through a C-1 - C-6 migration of the methoxyl group. 

During the past few decades it has become clear that cell 
surface carbohydrates play a major role in cell interaction 
processes, including the determinants for A, E, 0, H, etc., 
groupings in human blood,’ the immunological response 
to carbohydrate antigens? and a variety of cell adhesion 
phen0mina.3*~ Metastasis is the process by which tumor 
cells spread into healthy body tissues resulting in the major 
cause of death in human malignancies. Extensive inves- 
tigations on the biochemical events making up this process 
have suggested a possible involvement of cell surface 
carbohydrates in the metastatic process such as tumor cell 
aggregation and adhesion of tumor cells to endothelial 
~ e l l s . ~ 1 ~  

As part of our program aimed a t  developing carbohy- 
drate-based agents that effectively prevent metastatic 
spread of tumor cells by blocking the cognitive interactions 
among tumor cells and between tumor and host cells: we 
have demonstrated tha t  methyl 4-O-fl-D-galaCtO- 
pyranosyl-8-D-glucopyranoside (methyl P-lactoside)’ (1) 
and its trivalent and polyvalent derivatives6 dramatically 
suppreas the formation of metastatic lung colonies in mice 
injected with mouse B16 melanoma cells. For elucidation 
of the structural requirements for this inhibition process 
and to discover more effective inhibitors, a facile access 
to structural analogues of 1 was required. Since intro- 
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