
contains only a subset of the antigens ex- 
pressed by the pathogen population (17) 
such as those currently planned for N .  men- 
ingitidis (1 8) and Streptococcus pneumoniae 
(19). Attributing observed changes in strain 
structure following mass imrnuniration to 
the intervention may be problematic, given 
the complex nonlinear dynamics suggested 
by our analyses. The  intricate behavior of 
these nlultistrain systems is a consequence 
of the selective pressures ilnposed on  the 
pathogen population by the profile of herd 
irnrnunity in the host population. This pro- 
file is, in turn, conditioned by the prevail- 
ing antigenic structure of the pathogen pop- 
ulation. It is the subtle interplay between 
these two factors that leads to the unstable 
evolutionary dynamics we describe. 
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Identification of Non-Heme Diiron Proteins That 
Catalyze Triple Bond and Epoxy Group 

Formation 
Michael Lee, Marit Lenman, Antoni Banas, Maureen Bafor, 

Surinder Singh, Michael Schweizer, Ralf Nilsson, 
Conny Liljenberg, Anders Dahlqvist, Per-Olov Gummeson, 

Staffan Sjodahl, Allan Green, Sten Stymne* 

Acetylenic bonds are present in more than 600 naturally occurring compounds. Plant 
enzymes that catalyze the formation of the 112 acetylenic bond in 9-octadecen-12-ynoic 
acid and the 11  2 epoxy group in 12,13-epoxy-9-octadecenoic acid were characterized, 
and two genes, similar in sequence, were cloned. When these complementary DNAs 
were expressed in Arabidopsis thaliana, the content of acetylenic or epoxidated fatty 
acids in the seeds increased from 0 to 25 or 15 percent, respectively. Both enzymes have 
characteristics similar to the membrane proteins containing non-heme iron that have 
histidine-rich motifs. 

O v e r  600 naturally occurring acetylen~c 
com~ounds  are known, manv of whlch oc- 
cur in higher plants and mosses (1,  2 ) .  
Knowledge of the enzymatic reactions lead- - 
ing to the formation of a carbon-carbon 
acetylenic (triple) bond is limited; it is 
known, however, that in the moss Cerat- 
odon purpurea, an acetylenic bond at the A6 
position in a C18 fatty acid is formed from a 
carbon-carbon double bond 13), whereas in 
Crepis rubra, oleate is a substrate in the 
synthesis of 9-octadecen-12-ynoic acid 
(crepenynic acid) (4). 

VC7e have studied the synthesis of acety- 
lenic and epoxy fatty acids in plants of the 

M. Lee, Svalov-Weibu AB, S-268 81 Svalov, Sweden. 
M. Lenman, A. Banas, M. Bafor, A Dahqvst, P. Gum- 
meson, S. Stymne, Department of Plant Breeding Re- 
search. Swed~sh University of Agr~cultural Sciences. 
5-268 31 Svalov, Sweden. 

genus Csepis (2 ,  5). Crepis alpina seed oil is 
made up of about '70% crepenynic acid, and 
Crepis palaestina seed oil is made up of about 
60% vernolic acid (12,13-epoxy-9-octa- 
decenoic acid). Here we characterized the 
enzymes involved in the biosynthesis of cre- 
penynic and vernolic acid in C .  alpina and 
C .  palaestina (6) .  Microsomes from devel- 
oping seeds of C .  alpina, prepared in the 
presence of reduced nicotina~nide adenine 
dinucleotide (NADH),  converted [14C]li- 
noleate into ['4C]crepenynate (Table 1) .  
Similarly, rnicrosomes from developing 
seeds of C .  palaestina converted ["Clli- 
noleate into ["Clvernoleate. The  results 
indicated that both the A12 acetylenic 
bond-forming and A12 epoxidation reac- 
tions used acyl chains with a carbon double 
bond at the A12 position as substrate. 

These reactions, and the A12 desaturase, 
S. Singh and A. Green, Commonwealth Scientific and required NADH or NADPH and mere in- 
Industrial Research Organization (CSRO) Plant Industry. 
Canberra ACT 26C1. Australia. hibited by cyanide (Table 1).  Unlike the 
M. Schweizer and S. Sjijdah, Institute of Food Research, Euphorbia kgascae epoxygenase, which is 
Now~ich Research Park, Coney, Norwich NR4 7UA, UK, likely to be a cytochrolne p-4j0-type en- 
R. Nilsson and C. Liljenberg, Department of Plant Physi- 
ology, University of Gothenburg, 5-413 19 Gothenburg, 'yme (7)1 the c.  palaestina epoxygenase was 
Sweden. unaffected by carbon ~nonoxide or antibod- 

-To whom correspondence should be addressed. E-ma:  ies to c~tochrome P-450 (8). Both 
~ t e n . s t y m n e ~ \ ~ ~ s u . s e  the A12 epoxygenation and A12 acetylena- 
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tion enzymes of Crepis had bioche~nical 
characteristics typical of fatty acid desatu- 
rases and might therefore, me thought, be 
structurally similar to these enzymes (9.  10). 

T o  clone the gene encoding the acety- 
lenase, me used cDNA from C ,  alpina de- 
veloping seed and primers derived frorn en- 
doplasrnic reticular (ER) desaturases (1 1) 
for polymerase chain reaction (PCR). DNA 
sequencing of the products revealed a likely 
ER A15 desaturase sequence, a likely A12 
desaturase sequence (D12N), and a variant 

ER A12 sequence (D12V). Northern 
(RNA) blot analysis showed that expres- 
sion of the D12V sequence was seed specific 
in C. alpina, as was the presence of crep- 
enynic acid. 

The D l  2V fragment mas used to isolate a 
full-length cDNA (Crepl)  from a C .  alpina 
developing-seed library from which the 
plasmid pCrepl was produced (12). Se- 
quencing of Crepl revealed a putative pro- 
tein of 375 amino acids (Fig. 1) .  This pro- 
tein had 59% identity to the castor bean 

Table 1. Properiles of different fatty acid modfication enzymes [some of these results were published 
earlier (6, 7)]. The amount of enzyme activity is given as the amount of radioactive substrate converted 
into product relative to a control, which was in each case the incubation conditions gvng the hghest 
activity. The amount of substrate conversion in these controls was C, aipina acetylenase. 12%: C. 
palaestina epoxygenase, 26%; C, alpina desaturase. 30%; and E. lagascae epoxygenase, 13%. 

Enzymatc act~vty (% of control) 

Treatment A1 2 oleate A1 2 noleate A1 2 l~noleate A1 2 hnoleate 
desaturase acetylenase epoxygenase epoxygenase 
C alpina C aipina C palaestina E lagascae 

CO 85 84 88 3 
P-450 reductase antbodes 96 9 1 94 33 
KCN 16 0 35 92 
Mnus NADH plus NADPH 95 73 94 100 
Mnus NADPH plus NADH 100 100 100 11 

1 8 0 
acet ..grtsq-.. . plme-vsv dp.p-tvsd- -q-------k --VI--GY-I vh-allayl- -fl-dkylpl 
epox ..grtse-. svme-vsv dpvt-slse- -q-------q --"1--sy-v vq-lllayl- -El-ntylpt 
cpde --a---mqd. . . .  psnd-. t.tte-vpy qkpp-tvge- -k-------n --vl--fs-v q-ltlasi- -yl-tnylht 
atde --a---mpv. . .  pt65-k6 etdttk-Ypc ekpp-svgd- -k-------k --lp--fS-1 IS-lilasc- -yv-tnyfsl 
hydr --g---mstv itsnnse-kg gsshlk-aph tkpp-tlgd- -r-------e --fv--fs-v ay-vclsfl- -sl-tnffpy 
cons MG-GGR.... ..-.---K-- ------R--- ----F----L K-AIPPECF- RS--RS--Y- --D----..F Y..A...... 

8 1 
acet lpap-a-1.- pl--fc-asi 
epox lpts-a-1.- pv--fc-asv 
cpde lpqp-t-f-- pl--al-gcv 
atde lpqp-6-1.- pl--ac-gcv 
hydr ~ssp-s-v-- lv--lf-gcl 
cons ....L.Y-AW ..p..Q... 

161 
acet yl--s-akva lyy-vl-h-p 
epox yl--s-skla rly-11-n-p 
cpde fv--1-sdlr sta-yl-n-p 
atde fv--q-salk wg-yl-n-1 
hydr fv--=-skis ws-ye-n-p 
cons ..pK.K.... ... K-.N-P- 

..--...dyq w..t..f.l ..f.mt...- ..y-..n..a 

.--...-nyt "f..t..f.l ..f.lt-..- ..f...n..s 

. . . . . . . wl..t--l.l ..f.l "...- ..y...r..s 

.......dyq wl..t..l.f ..f.lv..-. ..y...r-.s 

. - . - - . - eyq la..l..l.v ..a.lv.... ..y..-r..s 

CGHHAFS--- --DD-VG-I- HS-L--PYFS WK-SHR-EE- - - 

241 320 
acet ygvklavaak -aai;vtcl-- i-v-g-£1-f di--y-h--- lsl-h-d-s- -n-1---1st 1---f~-f--s -1-dvth--- 
epox yglkvavank -aai;vacm-- v-v-g-ft-f dv--f-h--- qss-h-d-t- -n-1---lsa 1---f-f--s -f-dvth--- 
cpde yglfrlatik -1gwlam-- g-1-v-ng-1 vl--f-q--- asl-h-d-t- -d-1---lat 1---y-1--k -f-nitd--- 
atde fglyzyaaaq -masmlcl-- v-1-1-na-1 vl--y-q--- pel-h-d-s- -d-1---lat v---y-1--k -f-nitd--- 
hydr fvlyqatmak -1akmri-- v-1-1-nc-1 m--y-q--- pai-r-g-s- -d-1---mvt v---y~-v--k -f-niad--- 
cons .....-.... G.......YG .P.L.V..F. ..IT-L.HTE ...P.Y.S.I W-W-RGA ... .DRD.G.LN. V.E....Tw - 

32 1 388 
acet m----syl-- -h-k--rd-- ntvl-df-kl -r-pilk-mw --ak--1fle pekgresk-- y--.n-f- 
epox m----syi-- -h-k--rd- kpll-df-ml -r-pilk-mw --gr--myle pds..klk-- y-- h-l- 
cpde t----stm-- -h-m--tk-- kpil-dy-qf -g-svfk-my --tk--1yvd kdae.vkd-- y--rn-le 
atde a----stm-- -n-m--tk-- kpil-dy-qf -g-pyv-my --ak--1yve pdregdkk-- y--nn-1- 
hydr a----at"-- -h-m--tk-- kplm-ey-ry -g-pfyk-lw --ak--1fve pdegaptq-- f--rn-y- 
cons .EHLF...pE Y.A.EA..AI .-..G..Y.. D-T .... A.. RI..EC---- --------GV -WY--K-- - 

Fig. 1. Alignment of derived amino acid sequences. The amino acid sequences of the C, palaestina 
epoxygenase (epox), C, alpina acetylenase (acet), C, palaestina putative A12 desaturase (cpde), A. 
thaliana A12 desaturase (atde), and castor bean oleate hydroxylase (hydr) (30) were agned and from 
ths a consensus sequence (cons) generated with the programs Peup and Pretty (31). The consensus 
sequence IS in uppercase and var~ant residues are in lowercase. Dots represent gaps introduced to 
opt~mze algnment, and hyphens Indicate resdues that are ident~ca to the analogous amno acid In the 
consensus sequence The three histidne-rich motfs [HX(3 or 4)H, HX(2 or 3)HH, HX(2 or 3)HH] (22) are 
underned. Snge-etter abbrevatlons for the amino acid residues are as follows: A,  Aa; C, Cys; D,  Asp; 
E,  Glu; F, Phe; G, Gly: H ,  His; I ,  Ile; K.  Lys; L,  Leu; M ,  Met; N ,  Asn; P, Pro; Q, Gln; R, Arg; S ,  Ser; T, Thr; 
V,  Val; W ,  Trp; and Y,  Tyr. 

A12-hydroxylase and 56% identity to the 
Arabidopsis ER A12 desaturase when com- 
pared pairwise. 

The Crepl gene was expressed in Sac- 
chmomyces cerevisiae (YN94-1 strain) mith 
the plasmid pVT-Crepl (13). Yeast mere 
cultivated in media mith linoleic acid and 
their fatty acid composition determined 
(14). A peak mith the same retention time 
as the methyl ester of crepenynic acid (up 
to 0.3% of the total peak area) was identi- 
fied in the pVT-Crepl-transformed yeast 
but not in yeast transformed with vector 
alone. In addition, only the pVT-Crepl- 
transformed yeast had fatty acid diethylarn- 
ides (FADEAs), prepared from the total 
fatty acids and analyzed by gas-liquid chro- 
matography-mass spectrometry (GLC-MS) 
(15), that contained a compound mith the 
same retention time and Inass of 9-octa- 
decen-12-ynoic acid diethylarn~de (Fig. 2, 
A and B). The rnass spectrum of this 

Retention time (min) 

Fig. 2. GLC-MS anays~s of fatty ac~d der~vatives 
from transgenc yeast. (A) Singe-on chromato- 
grams [367 atomic mass un~ts (amu) and 333 
amu] of FADEA der~vat~ves from yeast trans- 
formed with pVT-Crepl and cultvated with linoe- 
c acid The peaks Indicated correspond to mass 
Ions of ecosanoc acd (367 amu, peak 1) and 
crepenync acid (333 amu, peak 2). (B) Snge-on 
chromatograms of FADEA dervatves from yeast 
wth vector alone and cultvated wth linoleic acid 
Peak 1 1s the mass on of e~cosanoic ac~d (367 
amu). (C) Mass spectrum of the compound gvlng 
rise to peak 2 in chromatogram (A). mlz, mass-to- 
charge ratio. 
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FADEA was identical to the FADEA deriv- 
ative of crepenynic acid (Fig. 2C). Thus, the 
Crepl gene encodes an enzyme that cata- 
lyzes the formation of an acetylenic bond 
from the 412 double bond of linoleate to 
give crepenynic acid. We designated this 
type of enzyme acetylenase, because it is 
capable of converting a carbon-carbon dou- 
ble bond into an acetylenic bond and is 
distinct from the related desaturases that 
convert carbon single bonds into double 
bonds. 

Yeast containing pVT-Crepl and grown 
without linoleic acid could produce linoleic 
acid (up to 0.4% W/W of total fatty acids) in 
contrast to the control veast. Although the 
C.  alpma acetylenase has 412 desaturise ac- 
tivity, crepenynic acid was not detected in 
these yeast, implying that the linoleate pro- 

12.8 19.2 
Retention time (min) 

Fig. 3. GLC analysis of A. thaliana seed fatty ac- 
ids. Methyl esters of seeds from a plant trans- 
formed with (A) empty vector, (8) the C. alpina 
acetylenase. and (C) the C. palaestina epoxygen- 
ase were analyzed and their fatty acid profiles 
determned, In (A) the indicated peaks correspond 
to methyl ester (Me) derivatives of hexadecanoic 
acid, 1 ; octadecanoic acid. 2 ;  9-octadecenoic 
acid, 3:  9.1 2-octadecadienoic acid, 4 ;  9.12,15- 
octadecatrienoic acid. 5 ;  I 1 -eicosaenoic acid, 6 :  
and 13-docosaenoic acid, 7. In (B)  and (C) the 
peaks corresponding to the methyl ester deriva- 
tives of crepenynic and vernolic acid are indicated. 

duced was not used to synthesize crepenynlc 
acid. The D12N seauence. also exuressed in 
developing C. alplna seeds, probably repre- 
sents the ER 412 desaturase that uroduces 
the linoleate used by the acetylenase. 

We exoressed the acetvlenase gene in 
~rabido~sis'  with the seed-specificv napin 
uromoter 11 6 ) .  Total fattv acids from seeds 
bf individual f a  transgenii plants contained 
up to 25% (w/w) crepenynic acid in con- 
trast to control plants (Fig. 3). No other 
acetvlenic fattv acids were detected 11 7). ~, 

TO clone the 412 epoxygenase gene, we 
used the D12V fragment to screen a cDNA - 
library from C. palnestina developing seeds 
118). A clone 1C~al2)  was isolated that en- 
coded a putative protein of 374 amino acids. 
This amino acid sequence was similar to the 
C. alpina acetylenase (81% identity), the 
Arabidopsis ER 412-desaturase (58% identi- 
ty), and the castor bean 412-hydroxylase 
(53% ~dentity) when compared pairw~se. A 
putative 412 desaturase clone was also iso- 
lated from this C. palaestina library (Fig. 1). 

We transformed the Cpal2 cDNA into 
Arabidopsis (1 9). Total fatty acids from seeds 
of To transgenic plants contained up to 15% 
(w/w) of vernolic acid (Fig. 3). Seeds from 
some ulants also had uu to 1% 1 ~ 1 ~ )  of an , ,  , 

epoxy fatty acid identified tentatively as 12- 
epoxy-9,15-octadecadienoic acid (20). This 
fatty acid probably arose through 415 de- 
saturation of vernolic acid bv the endoge- 
nous Arabidopsis enzyme becallse developkg 
linseeds can desaturate added vernolic acid 
at the 1115 position (21). 

Despite the homology between the Crepl 
and Cpal2 sequences, acetylenic and epoxy 
fattv acids were not detected in seeds from 
Arabidopsis plants carrying the epoxygenase 
or acetylenase gene, respectively. It appears 
that only moderate changes in amino acid 
sequence may determine whether these en- 
zymes are acetylenases or epoxygenases. 
Their shared seauence differences to the 4 1  2 
desaturases might reflect the changes needed 
for the recognition of a linoleate instead of 

HO' vernolic acid 

Fig. 4. React~ons catalyzed by plant A1 2 desatu- 
rase and A1 2 desaturase-l~ke enzymes Reac- 
t~ons A. B ,  C, and D can be catalyzed by a A12 
desaturase, A12 hydroxylase. A12 acetylenase, 
and A1 2 epoxygenase, respectvey 

an oleate substrate. Sequence comparison of 
the oleate hydroxylase and the expression of 
a mutant enzyme suggested that as few as six 
amino acids might determine if this enzyme 
is a desat~~rase or hydroxylase (22). That 
both creuenvnic and vernolic acid can occur 

L ,  

in the seed of some Crepzs species (2) may 
indicate that these soecies contain both an 
acetylenase and an epoxygenase or a dual- 
functional enzvme. 

The sequeke and biochemical charac- 
teristics of the acetylenase and epoxygenase 
suggest that they are likely to be non-heme 
diiron proteins (Fig. 1)  (23, 24). This group 
of proteins includes desaturases, hydroxy- 
lases, and epoxygenases found in animals, 
fungi, plants, and bacteria (9,  25-27). The 
diverse reactions that these enzymes cata- 
lyze probably use a comrnon reactive center 
(10). Histidine-rich motifs are thought to 
form part of the di~ron center where oxygen 
act~vation and substrate oxidation occur 
(26, 28). At least four reactions (Fig. 4)  can 
be catalyzed by 412 desaturase-l~ke plant 
enzvmes. 

Many of the unusual plant fatty acids are 
potentially valuable for the production of 
paints, varnishes, plastisizers, reslns, lubrl- 
cants, and polymers. Crepenynic acid, for 
example, can be converted by alkali isomer- 
ization to 8.10,12-octadecatrienoic acid and , , 

C,, cyclohexadiene rnonocarboxylic acid 
(29), which are valuable in high-quality 
coatings and cold weather ester-type lubri- 
cants, respectively. Similarly, epoxidized 
fatty acids are widely used as plastisizers. 
The production of large amounts of epoxy 
and acetylenic fatty acid in transgenic seeds 
may contribute to converting traditional 
agricultural crops into efficient producers 
of more valuable chemical commodities. 
Commercial production of such crops 
might be a reality in the near future. 
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A Role for the AKTl Potassium Channel in 
Plant Nutrition 

Rebecca E. Hirsch, Bryan D. Lewis, Edgar P. Spalding, 
Michael R. Sussman* 

In plants, potassium serves an essential role as an osmoticum and charge carrier. Its 
uptake by roots occurs by poorly defined mechanisms. To determine the role of po- 
tassium channels in planta, we performed a reverse genetic screen and identified an 
Arabidopsis thaliana mutant in which the AKTl channel gene was disrupted. Roots of this 
mutant lacked inward-rectifying potassium channels and displayed reduced potassium 
(rubidium-86) uptake. Compared with wild type, mutant plants grew poorly on media with 
a potassium concentration of 100 micromolar or less. These results and membrane 
potential measurements suggest that the AKTl channel mediates potassium uptake from 
solutions that contain as little as 10 micromolar potassium. 

Potassium absorption by roots is essential 
for plant growth. Current models, which are 
elaborations of classic studies ( I ) ,  state that 
K t  absorption is mediated by cotransporters 
at nlicrolnolar Kt  concentrations and 
channels at higher concentrations (2-6). 
This notion is supported by the finding that 
plant genes encoding channels or cotrans- 
porters could complelnellt yeast Kt-uptake 
mutants (6-8), but such experiments do 
not address which mechanisins are operat- 
ing in the plant. Here we report an in 
planta genetic dissection of the role of the 
AKTl channel in the uptake of Kt  by a 
root. 

A transferred DNA (T-DNA) inu- 
tagenized population of Arnbidopsis was 
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screened for plants containing an insertion- 
al mutation in the root-specific Kt-channel 
gene AKTl by using the polylnerase chain 
reaction (PCR)-based, reverse genetic 
method of Krysan et nl. (9 ,  10). From a 
population of 14,200 different T-DNA 
lines, containing about 20,000 independent 
insertional events, we identified and isolat- 
ed a single mutant plant (aiitl-I) with a 
T-DNA insertion in AKTI. Southern blot 
analysis of the aktl -1 locus (1 1 ) revealed a 
T-DNA insertion within the last exon of 
the coding region (Fig. 1). Sequence anal- 
ysis re\.eals the T-DNA insertion site to he 
4071 bases do\vnstream of the start codon, 
and Northern blot analvsis confirms that 
the mutation truncates 'the transcript by 
about 400 bases (1 2) .  

We examined the K' conductance of 
the plasma inelnbrane in root cells, where 
high expression of AKTl was prel~iously 
found (13). Microelectrodes inserted into 
cells approxilnately 150 pm froin the apex 
of roots, which were bathed in 10 pM Kt  
(14), revealed very negative resting mem- 
brane potentials (V,,) in both wild-type and 
aktl-l seedlings (Fig. 2B). A 10-fold in- 
crease in the extracellular K' concentra- 
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