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Polyunsaturatedfatty acids (PUFAs) are essentialmembranecomponents in higher 
eukaryotesand are the precursorsof many lipid-derivedsignalingmolecules. Here, 
pathways for PUFA synthesis are described that do not require desaturation and 
elongation of saturated fatty acids. These pathways are catalyzed by polyketide 
synthases(PKSs) that are distinct from previously recognizedPKSs inbothstructure 
and mechanism.Generationof cis double bondsprobably involvesposition-specific 
isomerases; such enzymes might be useful in the production of new families of 
antibiotics. It is likely that PUFA synthesis in cold marine ecosystems is accom-
plished in part by these PKS enzymes. 

PUFAs are critical components of membrane Very-long-chain PUFAs such as DHA and 
lipids in most eukaryotes (1, 2) and are the eicosapentaenoic acid (EF'A, 20:5m3) have 
precursors of certain hormones and signaling been reported from several species of marine 
molecules (3, 4). Known pathways of PUFA bacteria, including Shewanella sp. (12-14). 
synthesisinvolvethe pmessing of the saturated 

Analysis of a genomic fragment (cloned as 
plasmid pEPA) from Shewanella sp. strain 
SCRC2738 identified five open reading frames 
(ORFs) that are necessary and sufficient for 
EPA production in Escherichia coli (13). Sev-
eral of the predicted protein domains are ho-
mologs of FAS enzymes, and it was suggested 
that PUFA synthesis in Shewanella involved 
the elongation of 16- or 18-carbon fatty acids 
produced by FAS and the insertion of double 
bonds by undefined aerobic desaturases (15). 
We identified at least 11regions within the five 
ORFs as putative enzyme domains (Fig. 1A). 
When compared with sequences in the nonre-
dundant database (16), eight of these were 
more strongly related to PKS proteins than to 
FAS proteins (Fig. 1B).However, three regions 
were homologs of bacterial FAS proteins. One 
of these was similar to triclosan-resistant enoyl 
reductase (ER) fromStreptococcuspneumoniae 
(17). Two regions were homologs of the E. coli 
FAS protein encoded byfabA, which catalyzes 
the synthesis of trans-2-decenoyl-ACP and the 
reversible isomerization of this product to cis-
3-decenoyl-ACP (18). Thus, at least some of 
the double bonds in EPA from Shewanella are 
probably introduced by a dehydrase-isomerase 
mechanism catalyzed by the FabA-like do-
mains in ORF7. 

To exclude the involvement of an oxygen-

16:0 (5) or 18:0 products of fa& acid synthase 
(FAS) by elongation and aerobic desaturation A a b c d 

reactions (64.The svnthesis of docosahexean-
oic acid (DHA, 22:6;3) from acetyl-coenzyme 
A (acetyl-CoA) requires approximately 30 dis-

Orf 5 8.3 kb 293 kDa Orf 6 2.3 kb 84 kDa 

tinct enzyme activities and nearly 70 reactions, f h i 
including the four repetitive steps of the fatty j 

acid synthesiscycle. PKSs carry out some of the mmb 
same reactions as FAS (9,IO) and use the same Orf 7 6.0 kb 217 kDa Otf 8 1.6 kb 59 kDa Orf 2 -1 kb 33 kDa 
small protein (or domain), acyl carrier protein 
(ACP), as a covalent attachment site for the B 
growing carbon chain. However, in these en-
zyme systems, the complete cycle of reduction, 
dehydration,and reduction seen in FAS is often 
abbreviated, so that a highly derivatized carbon 
chain is produced, typically containing many 
keto and hydroxy groups as well as carbon-
carbon double bonds in the trans configura-
tion. The linear products of PKSs are often 
cyclized to form complex biochemicals that 
include antibiotics, aflatoxins, and many other 
secondary products (9-11). 
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dependent desaturase in EPA synthesis, we cul- 
tured E. coli harboring the pEPA plasmid 
anaerobically. Anaerobically grown cells accu- 
mulated EPA to the same level as aerobic cul- 
tures (Fig. 2A). When pEPA was introduced 
into a fabB- mutant of E. coli, which is unable 
to synthesize unsaturated fatty acids that are 
required for growth, the resulting cells lost their 
fatty acid auxotrophy. They also accumulated 
higher concentrations of EPA than other pEPA- 
containing strains (Fig. 2A), suggesting that 
EPA competes with endogenously produced 
monounsaturated fatty acids for transfer to 
glycerolipids. Carbon-13 nuclear magnetic res- 
onance ( I 3 C - M )  analysis of purified EPA 
from the cells grown in [13C]acetate confirmed 
its structure and indicated that this fatty acid 
was synthesized from molecules derived from 
acetate (presumably acetyl-CoA and rnalonyl- 

CoA) (19). A cell-free homogenate from 
pEPA-containing fabB- cells synthesized both 
EPA and saturated fatty acids from [1-14C]ma- 
lonyl-CoA (Fig. 2B). High-speed centrifugation 
of the homogenate indicated that saturated fatty 
acid synthesis was confined to the Supernatant, 
which is consistent with the soluble nature of 
the type I1 FAS enzymes (20). Synthesis of 
EPA was found only in the 200,000g pellet 
fraction, indicating that EPA synthesis does not 
rely on FAS or soluble intermediates (such as 
16:OACP) from the cytoplasmic fraction. Be- 
cause the proteins encoded by the Shewanella 
genes are not particularly hydrophobic, restric- 
tion of EPA synthesis to this fraction may re- 
flect a requirement for a membrane-associated 
acceptor molecule. In contrast to the E. coli 
FAS, EPA synthesis is specifically dependent 
on the reduced form of nicotinamide adenine 

1 Control pEPA 

- + + NADH 

+ + NADPH 

H S  Pellet 

Fig. 2. .Biochemical analysis of EPA synthesis in E. coli. (A) EPA accumulation in whole cells 
(quantified by gas chromatography analysis of methyl-ester derivatives) of E. coli containing a 
plasmid vector alone (control) or vector plus the Shewanella EPA genes [nucleotides 7708 to  35559 
of CenBank accession number U73935.1 in the pNEB vector (New England BioLabs, Beverly, MA)]. 
Results were qualitatively similar with a variety of E. coli host strains; control cells never produced 
EPA, whereas the expression of the five EPA genes resulted in EPA accumulation. Cells were grown 
a t  22OC (13) on media supplemented with glucose. EPA production in a fadE- mutant (deficient in 
fatty acid degradation) was compared when cells were grown under aerobic (pEPA-aerobic) and 
anaerobic (pEPA-anaerobic) growth conditions. Anaerobic conditions were achieved in Gas Pak 
Anaerobic Jars (Becton Dickinson Diagnostic Systems, Sparks, MD). The last column (pEPA-fabB-) 
shows a level obtained when pEPA was expressed in the fabB- mutant. (B) Synthesis of EPA and 
saturated fatty acids from [I-14C]malonyl-CoA in subcellular fractions from fabB- cells expressing 
the EPA genes. Control cells contained a vector alone and were maintained by the supplementation 
of growth medium with oleic acid. Cells were disrupted by.passage through a French pressure cell 
and centrifuged (at 80009 for 10 min) to yield a cell-free homogenate (CFH). High-speed 
centrifugation (at 200,0009 for 1 hour) was used to  generate supernatant (H-S super) and 
membrane (H-S pellet) fractions. The H-S pellet was resuspended in buffer equivalent to  the CFH 
volume. Aliquots were incubated in 50 mM phosphate buffer (pH 7.2), containing 20 p,M 
acetyl-CoA, 100 p,M [l-'4C]malonyl-CoA (0.9 CBqImol), 2 mM dithiothreitol (DTT), 2 mM NADH, 
and 2 mM NADPH. Lipids were extracted and fatty acids were converted to  methyl esters before 
separation by TLC (19). The figure shows radioactivity detected (with a radioanalytic scanner) on 
the TLC plate in the region in which saturated (16:O) and EPA methyl esters migrate. (C) Reductant 
requirement for in vitro EPA synthesis was tested with the H-S pellet fraction described in (B). 
Assays were carried out in reaction buffer containing 2 mM NADH andlor NADPH, or neither, as 
indicated. Incorporation of radioactivity into EPA was measured as described in (B). 

dinucleotide phosphate (NADPH) and does not 
require NADH (Fig. 2C). These results are 
consistent with the pEPA genes encoding a 
multifunctional PKS that acts independently of 
FAS, elongase, and desaturase activities to syn- 
thesize EPA directly. Genes with homology to 
the Shewanella EPA gene cluster have been 
found in other PUFA-containing marine bacte- 
ria (21, 22), indicating that the PKS pathway 
may be common in these organisms. 

Schizochytrium is a thraustochytrid marine 
protist that accumulates large quantities of tria- 
cylglycerols rich in DHA and docosapentaenoic 
acid @PA, 22:5w6) (23). In eukaryotes that 
synthesize 20- and 22-carbon PUFAs by an 
elongation-desaturation pathway, the pools of 
18-, 20-, and 22-carbon intermediates are rela- 
tively large, so that in vivo labeling experiments 
with [14C]acetate reveal clear precursor-product 
kinetics for the intermediates (24). In addition, 
radiolabeled intermediates provided exog- 
enously to such organisms are converted to the 
final PUFA products (25). [1-14C]acetate was 
rapidly taken up by Schizochyh'um cells and 
incorporated into fatty acids (Fig. 3A). At 1 
min, DHA contained 31% of the label recov- 
ered in fatty acids, and this percentage remained 
constant during the 10 to 15 min of [1-14C]ac- 
etate incorporation and the subsequent 24 hours 
of culture growth. Similarly, DPA represented 
10% of the label throughout the experiment. 
There is no evidence for a precursor-product 
relation between 16- or 18-carbon fatty acids 
and the 22-carbon polyunsaturated fatty acids 
(25). These results are consistent with rapid 
synthesis of DHA from [1-14C]acetate involv- 
ing very small (possibly enzyme-bound) pools 
of intermediates. A cell-free homogenate de- 
rived from Schizochytrium cultures incorporat- 
ed [l-'4C]malonyl-CoA into DHA, DPA, and 
saturated fatty acids (Fig. 3C). The same bio- 
synthetic activities were retained in a 100,000g 
supernatant fraction but were not present in the 
membrane pellet (Fig. 3C). Thus, DHA and 
DPA synthesis in Schizochytrium does not in- 
volve membrane-bound desaturases or fattv 
acid elongation enzymes such as those de- 
scribed for other eukaryotes (7, 8). These frac- 
tionation data contrast with the data obtained 
from the Shewanella enzyme (Fig. 2B) and may 
indicate the use of a soluble acceptor molecule, 
such as CoA, by the Schizochytrium enzyme. 

Additional support for a PKS-based path- 
way was provided from the sequencing of 8500 
randomly selected clones from a Schizochy- 
trium cDNA library (26). Within this data set, 
only one moderately expressed gene (0.3% of 
all sequences) was identified as a fatty acid 
desaturase, although a second putative desatu- 
rase was represented by a single clone (0.01%). 
In contrast, sequences that exhibited homology 
to 8 of the 11 domains of the Shewanella PKS 
genes (Fig. 1) were all identified at frequencies 
of 0.2 to 0.5%. Further sequencing of cDNA 
and genomic clones allowed the identification 
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of three ORFs containing domains with homol- 
ogy to those in Shewanella (Fig. 4). These 
proteins may constitute a PKS that catalyzes 
DHA and DPA synthesis. The homology be- 
tween the prokaryotic Shewanella and eukary- 
otic Schizochytrium genes suggests that the 
PUFA PKS has undergone lateral gene transfer. 

The primary structures of the Shewanella 
and Schizochytriurn PKSs do not conform to 
any known class of PKS proteins (9, 10). 
Instead, the data suggest that the PKSs syn- 
thesize PUFAs from malonyl-CoA (perhaps 
using acetyl-CoA as a primer) with an en- 
zyme complex that carries out iterative pro- 
cessing of the fatty acyl chain but also per- 
forms trans-cis isomerization and enoyl re- 

duction reactions in selected cycles. Al- may be a significant source of PUFAs for fish 
though the exact sequence of reactions and mammals. 
involved in PUFA synthesis remains ta be 
determined, schemes can be envisioned that 
accommodate many aspects of the data (27). 

The identification of the PUFA PKSs and 
of putative dehydrase-isomerases may pro- 
vide new tools to engineer the production of 
additional polyketide antibiotics. In addition, 
characterization of PUFA synthesis in 
Shewanella, Schizochytrium, and their rela- 
tives has implications for understanding food 
web dynamics in aquatic ecosystems (28). 
Because these organisms are important pri- 
mary producers of 20- and 22-carbon PUFAs 
in cold-water oceans (12), the PKS pathway 
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Gastrointestinal (GI) tract damage by chemotherapy or radiation limits their 
efficacy in  cancer treatment. Radiation has been postulated t o  target epithelial 
stem cells within the crypts of Lieberkiihn t o  initiate the lethal GI syndrome. 
Here, we show in mouse models that microvascular endothelial apoptosis is the 
primary lesion leading t o  stem cell dysfunction. Radiation-induced crypt dam- 
age, organ failure, and death from the GI syndrome were prevented when 
endothelial apoptosis was inhibited pharmacologically by intravenous basic 
fibroblast growth factor (bFGF) or genetically by deletion of the acid sphin- 
gomyelinase gene. Endothelial, but not crypt, cells express FGF receptor tran- 
scripts, suggesting that the endothelial lesion occurs before crypt stem cell 
damage in the evolution o f  the GI syndrome. This study provides a basis for new 
approaches t o  prevent radiation damage t o  the bowel. 

The GI syndrome is the main toxicity associat- 
ed with abdominal radiotherapy of human tu- 
mors. It consists of diarrhea, dehydration, en- 
terobacterial infection, and in severe cases, sep- 
tic shock and death (1). According to the pre- 
vailing hypothesis, it is caused by direct 
damage to a group of stem cells within the 
epithelial rings at positions 4 to 5 from the base 
of the crypts of L ieberml ,  resulting in their 
death (1-3). This etiological model is based on 
inference from studies of crypt regeneration 
after injury by using an in vivo clonogenic 
survival assay. Stem cell death is the critical 
element in the evolution of this process, be- 
cause a single surviving stem cell appears suf- 
ficient for reconstitution of a crypt-villus unit 
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(1). This clonogenic stem cell activity is quan- 
tified by counting regenerating crypts in histo- 
logic sections 3.5 days after irradiation (1). 
Above 8 grays (Gy), dose-dependent stem cell 
death leads to diminution of crypt regeneration, 
until the level of regeneration is insufficient to 
rescue the GI mucosa. In such cases, progres- 
sive denudation of the epithelium leads, by day 
6 to 7 after radiation, to death of mice from the 
GI syndrome. Direct evaluation of stem cell 
function in this process is, however, not feasible 
because there are no markers specific for GI 
stem cells. 

Here, we explore the alternative possib~l- 
ity that microvascular endothelium within the 
intestinal mucosa is the actual target of radi- 
ation damage, with stem cell dysfunction as a 
consequence. This hypothesis is supported by 
previous observations that (i) survival factors 
for endothelium [vascular endothelial growth 
factor (VEGF), acidic and basic F G F ~ ,and 
lnterleukin 11 (IL-ll)]  Protect the gut from 
radiation injury (4-6), and (ii) endothelium is 

in production of a functional protein. Several other 
potential bacterial start codons (i.e., TTC or ATT) are 
present between positions 9157 and 9016, and i t  is 
possible that one of these codons may represent the 
actual start codon in Shewanella. 
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a principal target for radiation injury to lung 
and brain (7 .  8).  

In our initial studies, we used a murine 
whole-body irradiation (WBR) model (9).The 
patterns of lethality and tissue damage are 
shown (Fig. 1) for 8- to 12-week-old C57BL/6 
mice exposed to 12 to 15 Gy WBR. which 
exceeds the minimal dose required to kill all 
exposed animals within 30 days (LD,,,,,). 
When treated with 12 or 13 Gy, 97% of mice 
died 10 to 13 days after irradiation (median 11 
days; Fig. 1A) and displayed bone marrow apla- 
sia and intact intestinal mucosa (Fig. 1B). Au- 
tologous marrow transplantation, performed 16 
hours after 12 Gy WBR, repopulated the mar- 
row (10) and rescued 90% of the mice. In 
contrast, exposure to 15 Gy resulted in more 
rapid death, with 95% of the mice dying be- 
tween 6 and 8 days (mean 6.8 + 0.99 days, 
median 6 days; Fig. 1A). These animals showed 
denudation of the intestinal crypt and villus 
system but had only partially damaged marrow 
(Fig. lB), and could not be rescued by autolo- 
gous marrow transplantation (Fig. 1A). Actuar- 
ial sunival at 14 Gy differed significantly from 
that after 15 Gy (P< 0.001). At this dose, 25% 
of mice succumbed to death from the GI syn- 
drome and 75% died of marrow failure (P = 

0.007versus death from GI syndrome at 15 Gy). 
To determine whether microvascular endo- 

thelial apoptosis correlated with development of 
the radiation-induced GI syndrome, we evaluat- 
ed tissue specimens by hematoxylin and eosin 
(H&E) staining, terminal dexoy transferase-me- 
diated deoxyuridine triphosphate nick end label- 
ing (TUNEL),and in situ labeling with annexin 
V (11). at various times after 8 to 15 Gy WBR. 
Previous studies have shown that rad~ation in- 
duces early p53-dependent (12) and late p53- 
independent (13) apoptotic responses in crypt 
epithelial cells. However, neither response af- 
fects the ability of stem cells to regenerate crypts 
damaged by doses 5 1 5  Gy (13) and hence do 
not appear to be involved in the pathogenesis of 
the GI syndrome. Using a published scoring 
system (14). we confirmed these obsenations 
and found a maximal epithelial apoptotic index 
of 40.0% at crypt position at 4 hours after 15 
Gy, which decreased to 24.1% at position 5 and 
progressively to 4.1% at position 8. The apopto- 

www.sciencemag.org SCIENCE VOL 293 13 JULY 2001 	 293 


