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An Analog of Myristic Acid with Selective Toxicity 
for Mican Trypanosomes 

Trypanosoma brucei, the protozoan parasite responsible for African sleeping sickness, 
evades the host immune response through the process of antigenic variation. The 
variant antigen, known as the variant surface glycoprotein (VSG), is anchored to the 
cell surface by a glycosyl phosphatidylinositol (GPI) structure that contains myristate 
(n-tetradecanoate) as its only fatty acid component. The utilization of heteroatom- 
containing analogs of myristate was studied both in a cell-free system and in vivo. 
Results indicated that the specificity of fatty acid incorporation depends on chain 
length rather than on hydrophobicity. One analog, 10-(propoxy)decanoic acid, was 
highly toxic to trypanosomes in culture although it is nontoxic to mammalian cells. 

T HE EFFECTS OF AFRICAN TRYPANO- 

somiasis on human health and on 
livestock production are crippling 

(1). Of the 50 miltion people at risk for 
sleeping sickness, fewer than 20% have ac- 
cess to protection from, or treatment for, 
this frequently lethal illness. In addition, the 
only drug widely used to combat late-stage 
(meningoencephalitic) disease, melarsoprol, 
causes fatal side effects in up to 5% of those 
treated ( 2 ) .  There is thus a need for new 
approaches to chemotherapy and for the 
design of less toxic drugs. One general ap- 
proach to drug development is to examine 
the pathogenic organism for features not 
shared with its host, in the hope of exploit- 
ing these differences to generate selectively 
toxic agents. 

The attachment of surface proteins to 
eukaryotic cell membranes  via-^^^ struc- 
tures has been described only in the last few 
years (3, 4). The trypanosome VSG is the 
best characterized protein of this type, and it 
differs from mammalian GPI-anchored pro- 
teins in containing exclusively myristate 
(14:0, a fully saturated 14-carbon fatty acid) 
in its GPI moiety (Fig. 1A) (5 ) .  During 
VSG biosynthesis, the anchor is preformed 
as a GPI called glycolipid A (6) [or P2 (7)], 
to which the COOH-terminus of the poly- 
peptide is later attached. The pathway of 
GPI biosynthesis in trypanosomes has been 
elucidated by means of a cell-free system (8- 
10) capable of forming glycolipid A. In the 
presence of uridine 5'-&phosphate-N-ace- 
tylglucosamine (UDP-GlcNAc) and guano- 
sine 5'-diphosphate-mannose (GDP-Man), 

the glycan portion of this GPI is constructed 
de novo on endogenous phosphatidylinosi- 
to1 (PI), producing glycolipid A' (8). This 
GPI contains two fatty acids more hydro- 
phobic than myristate [one of which is 
stearate (18:0)], which are sequentially re- 
placed by myristate via a process termed 
fatty acid remodeling (1 0). First, glycolipid 
A' is deacylated to form glycolipid 0, a lyso 
intermediate. In the presence of myristoyl 
coenzyme A (CoA), myristate is added to 
glycolipid 0 to form glycolipid A", with one 
myristate and one stearate. The final steps in 
the process involve replacement of the stear- 
ate with a second myristate, to form gly- 
colipid A. In the absence of UDP-GlcNAc 
and GDP-Man, there is no de novo GPI 
biosynthesis in the cell-free system; howev- 
er, 3H-labeled myristate is still incorporated 
into preexisting glycolipid A by a 
acyl exchange process (1 0). 

It is intriguing that the trypanosome an- 
chor strictly requires myristate, particularly 
because this fatty acid is rare in the GPIs of 
mammalian proteins (3). The specificity is 
more striking because T. brucei lacks the 
ability to synthesize fatty acids de novo (1 1) 
and must import these compounds from the 
infected host's bloodstream. Because mam- 
malian serum contains relatively little 
myristate [for example; 1 to 2% of fatty 
acids from total lipids in rat plasma (141, 
the import process may be quite selective. 

To investigate the biological function of 
the myristoyl moieties of the VSG anchor, 
we introduced analogs of myristate into the 
trypanosome system. These fatty acid ana- 
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logs, with oxygen substituted for one meth- 
ylene group (13), are similar to myristate 
with respect to predicted geometry (in solu- 
tion) but are more hydrophilic. For exam- 
ple, a myristate analog with oxygen substi- 
tuted for the eleventh carbon (10- 
(prop0xy)decanoic acid, termed 0-1 1) (Fig. 
1B) has hydropathic properties similar to 
those of decanoic acid (1O:O) (13). These 
analogs have proved effective in elucidating 
the biological role of myristate in N-myris- 
toy1 proteins; analog substitution for 
myristate dramatically alters the subcellular 
localization and function of some of these 
proteins (14, 15). 

In the trypanosome cell-free system, 3H- 
labeled 0-11 was incorporated into gly- 
colipid A by the acyji exchange reaction even 
more &ciently' than [3H]myristate (Fig. 
2A, lanes 2 and 3). Both fatty acids are also 
incorporated into glycolipid C [a GPI iden- 
tical to glycolipid A except for an extra fatty 
acid linked to inositol (16)] and into other 
phospholipids. 

In the presence of nonradioactive UDP- 
GlcNAc and GDP-Man, de novo synthesis 
of GPI glycans is operative. Subsequent 
incubation with 3H-labeled htty acyl CoA 
d t s  in labeling of both glycolipid A" 
[with one myristate (or 0-11) and one 
longer fatty acid] and glycolipid A (10). 
Agam, incorporation of [3H]O-ll was 
slightly more &cient than that of 
[3H]myristate (Fig. 2A, lanes 4 and 5). 

Similar results were obtained with two other 
analogs, 12-(methoxy)dodecanoic acid (O- 
13) and 5-(octoxy)pentanoic acid (0-6) 
(13, 17). 

We then incubated the cell-ke system 
with GDP-[3H]Man and nonradioactive 
UDP-GlcNAc, to radiolabel early biosyn- 
thetic intermediates in the pathway (Fig. 
2B, lane 1) (8). Further incubation with 
adenosine mphosphate (ATP), CoA, and 
myristate drove a fiaction of the intermedi- 
ates through remodeling to completion. Ad- 
dition of myristate or 0-1 1 yielded compa- 
rable amounts of glycolipids A" and A (Fig. 
2B, lanes 4 and 5) (18). 

These data show that in the cell-ke sys- 
tem myristate analogs are incorporated into 
GPIs at least as etliciently as myristate. In 
contrast, palmitate, stearate, and an oxygen- 
substituted analog of palmitate, 12(pro- 
p0xy)dodecanoic acid, with hydrophobicity 
comparable to that of myristate, are not 
utilized by the remodeling process (17). It 
appears, then, that the specificity of fatty 
add remodeling depends more on the chain 
length of incoming fatty acid substrates than 
on their hydrophobicity. 

We also investigated the metabolism of 
myristate analogs in living trypanosomes. 
[3H]O-ll is incorporated into numerous 
li ids, in a pattern similar to that of S [ Hlmyristate (Fig. 3A); the products in- 
dude 0-11 counterparts of glycolipids A 
and C. These GPIs were identified by comi- 

Fig. 2. (A) Cell-fk radio la be^ of GPI species A -F B . -F 

with [3H]myrimyl CoA and [ H]O-11 Cok 
Washed trypanosome lysate (5 x 108 d cquiv- 
dents per milliliter) was preincubated (8 min, 
37°C) with 1 mM each UDP-GlcNAc and GDP- 
Man (24). [3H]myristoyl CoA or [3H]O-ll CoA 
(each at 2.5 a, 31.7 Cimmol) was added and 
incubation continued for 5 min. We prcparrd the 
[3H]acyI CoA from [3H]fatty acids, using Pseu- - -  - - .  
domonac sp. acyl CoA synthetase (10). Samples 
were extracted in chlorofomr:methanol:water c- - 
(10:10:3) and centrifuged, and the supernatant 
fractions were dried under nitrogen (8). To deavc - - A'E 

r - A" 
unincorporated [3H]acyl CoA, we boiled samples A- - - -  -A- - -A  

for 8 min in 1 mM dithiothreitol. After two 
exuactions with water-saturated butanol, the 9 - 0  0-  

pooled organic extracts were washed with water, 
and 1.5 x lo7 cell equivalents per reaction were 

I 
- 0 - 0  

analyzed on silica gel 60 thin-layer chromatogra- 
1 2 3 4 5  1 2  3 4 5  

phy plates developed in 10:10:3 solvent (8). Lane 
1, marker lipids, labeled in vivo with [3H]myristate (6); lane 2, incubation with [3H]myristoyl CoA, no 
preincubation with nudcotide sugars; lane 3, same as lane 2 but with [3H]O-ll CoA; lane 4, 
incubation with [3H]myristoyl CoA after preincubation with UDP-GlcNAc and GDP-Man to allow de 
novo GPI glycan synthesis; lane 5, same as lane 4 but [3H]O-ll CoA. In this and the foIIowing figws: 
0, origin; F, solvent front; A, C, and A", GPI species (see text). The bracket indicates a smear of residual 
[3H]acyl CoA. (B) The efkm of myristate and 0-11 on GDP-[3H]Man radiolabeled GPI intennedi- 
ans. Lysate (5 x lo8 cell equivalents per milliliter) was first incubated with 1 mM UDP-GlcNAc and 
3 Ir,Cirnl GDP-[3H]Man (17 Cimmol; 0.18 p M  final concentration) for 5 min at 3TC, and t- 
incubated with 1 mM nonradioactive GDP-Man for 3 min at 37°C to allow radiolabel to accumulate 
in glycolipids A' and 0 (lane 1). To examine fatty acid remodeling, we f i  incubated the reaction 
mixture for 5 min with either no additions (lane 2), or with 0.6 mM ATP, 0.2 mM CoA, and the 
following: lane 3, no fatty acid; lane 4 , l  mM ~ ~ E ;  lane 5 , l  mM 0-11 (13). Sample extraction 
and chromatography was as in (A). The prominent band near the front in lane 5 is midentifid, it 
appears inconsistently. 

gration with standards on thin layer duo- 
matograph, as well as by susceptibility to 
s y d c  phospholipases (19). For both 
[ H]O-11 and [3H]myristate, initial label- 
ing of GPI species was rapid and by 20 min 
had attained steady state (17). At steady 
state, however, incorporation of [3H]O-l 1 
into glycolipids A and C, or into VSG 
protein (Fig. 3B), was less than 10% of 
[3H]myristate incorporation. As expecd, 
fatty acid radiolabel is released from VSG 
when gels are treated with alkali (0.2 M 
KOH in methanol, 1 hour, room tempera- 
ture) consistent with ester linkage of 
~[~Hlfatty acid to the GPI anchor (17). Long 
exposures of similar gels show minor species 
(in both lanes) that are not susceptible to 
alkaline hydrolysis; these could represent 
radiolabeled, normally N-myristoylated pro- 

-O Dyeftont- 
[3H]faRy ac~d: vjr 0-1 1 rnyr 0 - 1  1 

Cell equnalents: 10' 10' l o 6  10' 

Flg. 3. (A) Incorpomion of [3~]myristate and 
[3H10-ll into living trypanosomes. Cloned IL- 
Tat 1.3 aypanosomes, isolated from mouse blood 
(25), were washed once in minimum essential 
medium (MEM) "alpha" (catalog number 320- 
2561 AJ, Gibco, Grand Island, New York) s u p  
plemented with glucose (4.4 g/liter), thymidine 
(3.9 mg/liter), hypoxanthine (13.6 mg/liter), 
phenylalanine (68 mg/liter), tyrosine (64 mg/ 
liter), essentially fatty acid& bovine serum 
albumin (BSA) (10 @liter) (Sigma, St. Louis, 
Missouri), pyruvate (110 @ter), penicillin 
(50,000 mits/liter), streptomycin (50 n@ter), 
and 5% fetal calf serum. Cells were suspended in 
the same medium (5 x lo7 cells/ml) with 100 
p C i  [3H]myristic acid (New England Nuclear, 
32 Cimmol) or [3H]Oll  (32 Ci/mmol), incu- 
bated at 3TC for 80 min, and washed. Glycolip 
ids were extracted from lo7 cells (26) and ana- 
lyzed by thii layer chromatography as in Fig. 2. 
Abundant species above glycolipid C arc cellular 
lipids (27). My,  myristate; A, glycolipid A, C, 
glycolipid C. (B) Incorporation of [3H]myristate 
and [3H]O-ll into VSG. Cells labeled as in (A) 
(10" cells/ml, 90 min) were washed twice and 
boiled in 20 4 of SDS-polyacrylamide gel elec- 
trophoresis sample bu&r. Protein from cells la- 
beled with [ jH myristan (1@ cell equivalents) or J [3H]O-11 (10 cell equivalents) was analyzed by 
electrophoresis on an 11% polyacryiamide gel and 
fluorographed (xale in kilodaltons). 
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teins (17). Two other myristate analogs, 
[3H.10-6 and [3H]O-13, demonstrated sim- 
ilar kinetics and product profile but were 
incorporated into glycolipids to an even 
lesser extent at steady state [l to 3% of the 
myristate level (17, 20)]. 

The ine5cient in vivo incorporation of 
analogs (compared to myristate) contrasts 
sharply with incorporation in the cell-& 
system, where analogs and myriaate are 
handled similarly. Because the cell-fkee data 
demonstrate that dkimimtion does not 
occur at the level of the fatty acid remodel- 
ing enzymes, factors dependent on cell in- 
tegrity (such as fatty acid uptake, metabolic 
processing, or compartmentalization) are 
probably responsible for the difference. 
Consistent with this idea, trypanosomes in 
culture accumulated eight times more 
myristate than 0-11 (17). 

In its fatty acid remodeling mechanism, 
the trypanosome has evolved a unique and 

Incubation tlmo (hours) 

Flg. 4. Effect of 0-11 on (A) cultured blood- 
stream form and (B) procyclic trypanosomcs. 
Bloodstream forms of T. bwei strain 427 (variant 
221). Trypamsomes were isolated from mouse 
blood at a parasimnia of 5 x 10' ceIls/ml(25) and 
cultured (37"C, 5% C02) in pmvanned medium 
(as in Fig. 2) containing 40 a monothioglyc- 
erol(28) and myristate (myr) or 0-11 as indicat- 
ed. Similar growth curves were scen in tive inde- 
pendent eqminents. Procyclic trypanosoma: 
Strain TREU 667 was cultured at 28°C in SM 
medium (29). The inset dose response curvc 
shows the percentage of cells killed at 25 hours as 
a W o n  of 0-11 comenuation (micromolar, in 
log scale); these data arc compiled from five 
cxpUiments. Means of duplicate counts (generally 
within 10%) arc shown, with any cell danonstrat- 
ing minimal movement scored as "live." Mwtate 
or 0-11 (13) was added from a lOOOx stock in 
absolute ethanol; growth curves of control cul- 
tures (0.1% ethanol) were indistinguishable from 
those ofthe cultures containing 10 myristate. 

highly e5cient mechanism for incorporating 
myristate into GPIs. Because this myristate 
could play a crucial role in trypanosomal 
biology, we studied the effects of 0-1 1 and 
other myristate analogs on the viability of 
this parasite in culture. At a concentration of 
10 pA4, 0-1 1 had a striking effect, killing 
most trypanosomes in a few hours (Fig. 4A) 
(21). The median lethal dose (LD,) of 
0-11 was less than 1 pA4 (inset, Fig. 4 4 .  
At 10 JLM, 0-13 inhibited trypanosome 
growth by about 40%; 0-6 only inhibited 
growth by 10% (17). 

0-11 is not generally cytotoxic. For ex- 
ample, 100 pA4 0-11 has no effect on 
growth, viability, or DNA and protein syn- 
thesis of human T lymphoid cells (22); 
similarly, 100 JLM 0-11 does not affect 
Saccharomyces cereviriae (14). To cxamine the 
specificity of the 0-11 toxicity to parasites, 
we tested it on cultured procydic trypano- 
somes (the developmental form of T. b w e i  
found in the tsetse f3y vector). Instead of 
VSG, procyclics express a GPI-linked sur- 
fice antigen (procyclic acidic repetitive pro- 
tein or procydin), which does not contain 
myristate (23). 0-11 (10 pM) did not affect 
procyclic growth in culture (Fig. 4B). At 50 
JLM, 0-11 d d  the growth rate of 

procyclic trypanosomes by 50%, but 
myristate at that concentration had the same 
e5xt (17). 

Treatment with 0-11 was associated with 
gross alterations in trypanosome morpholo- 
gy (Fig. 5, compare A and B). As early as 3 
hours afm incubation with 10 pM 0-11 
some cells appeared unhealthy: motility was 
reduced, integrity of shape was lost, and 
vacuolar inclusions appeared. These efFects 
increased with time of cultme, until by 8 
hours nearly all c& were nondividing, dis- 
torted by large vacuoles, and barely motile. 
Lower concentrations of 0-11 that still in- 
hibited trypanosome growth also induced 
these effects but over a longer time period. 
However, even afm 45 hours of treatment 
with 10 JLM 0-11, occasional cells (fewer 
than 1%) still appeared normal. 

We examined the integrity of the trypan- 
osome surface coat, composed of VSG, by 
electron microscopy. No difference in coat 
morphology was observed between cells 
treated with 0-11 and those treated with 
myristate, although the cells appeared dis- 
torted (Fi. 5, C through F). Treated cells 
developed massive vacuolar structures, 
which exhibited on their inner surface the 
VSG coat typically tbund on the outer sur- 

Flg. 5. Bloodstream form qpanp 
somcswereculturedfor24hoursm 
the prrsu~e of 10 pA4 myriStatc 
(A, C, and E) or 5 pA4 0-11 (B, D, 
and F). (A) and (B) arc phase mi- 
crographs photographed on a Zeiss 
hiophot instrument Bar, 15 pm. 
(C) through (F) are cells P=@ 
for electron microscopy according 
to the procedure described by 
Cross (30). Bar, C and D, 2.1 pm; 
E and F, 0.2 pm; v, vacuole; e, 
cxtradulu medium; arrowheads 
indicate VSG layer. 
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face of trypanosomes. Like the trypanosome 
surface membrane, the vacuolar membrane had 
underlying microtubules (Fig. 5F). The origin 
of these structures is unknown, but it mav 
involve membrane transport or targeting. 

The toxicity of 0 -11  for bloodstream 
trypanosomes may be related to the metab- 
olism or function of the VSG GPI, especially 
because similar concentrations do not affect 
the growth and viability of procyclic try- 
pan6somes. However, our experiments can- 
not rule out the possibility that toxicity is 
mediated by alteration of N-myristoylated 
proteins or- by some change i n  membrane 
structure. The latter could be caused by 
incorporation of analog into phospholipids as 
well as into VSG. Whatever the mechanism of 
toxicity, these studies suggest a new approach 
to antitrypanosome chemotherapy. 
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Reading a Neural Code 

Traditional approaches to neural coding characterize the encoding of known stimuli in 
average neural responses. Organisms face nearly the opposite task-extracting infor- 
mation about an unknown time-dependent stimulus fkom short segments of a spike 
train. Here the neural code was characterized fkom the point of view of the organism, 
culminating in algorithms for real-time stimulus estimation based on a single example of 
the spike train. These methods were applied to an identified movement-sensitive neuron 
in the fly visual system. Such decoding experiments determined the effective noise level 
and fa& tolerance of neural computation,and the structure of the decoding algorithms 
suggested a simple model for real-time analog signal processing with spiking neurons. 

A LL OF AN ORGANISM'S INFORMA- answers to these questions have been elusive 
tion about the sensory world comes (1, 2). We present an approach to the char- 
from real-time observation of the acterization of the neural code that provides 

activity of its own neurons. Incoming sen- explicit and sometimes surprising answers to 
sory information is represented in sequences these questions. 
of essentially identical action potentials, or The first recordings from single sensory 
"s~ikes." To understand real-time signal pro- neurons demonstrated that the in tens i~  of a 

', 

cessing in biological systems, one must first static stimulus can be coded in the firing rate 
understand this representation: Does a sin- of a sensory neuron (3). This concept of rate 
gle neuron signal only discrete stimulus "fea- coding, extended to time-dependent stimuli, 
kres." or c& the spike train represent a provides the framework formost studies of 
continuous, time-varying input? How much neural coding, leading to the definition of 
information is carried by the spike train? Is receptive fields, temporal filter characteris- 
the reliability of the encoded &nal limited tics,-and so on. ~ e ~ o n d  rate coding, a variety 
by noise at the sensory input or by noise and of different statistical measures have been 
inefficiencies in the subsequent layers of proposed-interval distributions, correla- 
neural processing? Is the neural code robust tion functions, and so forth (1, 4). As with - 
to errors in spike timing? Clear experimental the rate itself, these quantities can be seen as 

moments of the probability distribution 
P[{t i}1s(~)] that describes thk likelihood of 

W. Bialek. F. Rieke. D. Warland. De~amnent of Physics different spike trains it;], given the stimulus . .,. 
and DepaAent o f ~ ~ ~ e c u l a r  ad Biology, u ~ v e r -  S ( T )  (5) .  'flyse moments, however, are not 
sity of California, Berkeley, Berkeley, CA 94720. 
R. R. de Ruyter van Steveninck, Department of Biophys- properties of a single spike train; they are 
ics, Rijksuniversiteit Groningen, the Netherlands. average properties of an ensemble of spike 

. , L A  

*Present address, NEC Research Institute, 4 Indepen- trains (6).  Organisms have the 'ppor- 
dence Wav. Princeton. NT 08540. tunitv to com~ute these averages: To sav 

Hospital, p.0, gox jO,OO1, 9700 RB, G;oningen, UldL llllullllduull ID cuucu 111 llllllg L ~ L C D  IJ VI 

Netherlands. no Use to the organism unless one can 
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