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NodFE-Dependent Fatty Acids That Lack
an a-f3 Unsaturation Are Subject to Differential
Transfer, Leading to Novel Phospholipids

Otto Geiger,* John Glushka,? Ben J. J. Lugtenberg,! Herman P. Spaink,! and Jane E. Thomas-Oates?®

Hnstitute of Molecular Plant Sciences, Leiden University, Leiden, The Netherlands; 2Complex Carbohydrate
Research Center, 220 Riverbend Road, Athens, GA 30602, U.S.A.; ®Bijvoet Center for Biomolecular Re-
search, Department of Mass Spectrometry, Utrecht University, Sorbonnelaan 16, 3584 CA Utrecht, The

Netherlands
Accepted 23 September 1997.

In Rhizobium leguminosarum, the nodABC and nodFEL
operons are involved in the production of lipo-chitin oli-
gosaccharide signals that mediate host specificity. A
nodFE-determined, highly unsaturated C18:4 fatty acid
(trans-2, trans-4, trans-6, cis-11-octadecatetraenoic acid)
is essential for the ability of the signals to induce nodule
meristems and pre-infection thread structures on the
host plant Vicia sativa. Of the nod genes, induction of
only nodFE is sufficient to modify fatty acid biosynthesis
to vyield trans-2, trans4, trans-6, cis-11-octadeca-
tetraenoic acid, with an absorbance maximum of 303
nm. This unusual C18:4 fatty acid is not only found in
the lipo-chitin oligosaccharides but is also associated
with the phospholipids (O. Geiger, J. E. Thomas-Oates,
J. Glushka, H. P. Spaink, and B. J. J. Lugtenberg, 1994,
J. Biol. Chem. 269:11090-11097). Here we report that the
phospholipids can contain other nodFE-derived fatty
acids, a C18:3 trans-4, trans-6, cis-11-octadecatrienoic
acid that has a characteristic absorption maximum at
225 nm, and a C18:2 octadecadienoic acid. Neither this
C18:3 nor this C18:2 fatty acid has to date been ob-

nod genes needed for nodulation. In Rhizobium legumi-
nosarum, the nodABC and nodFEL operons are involved in
the production of lipo-chitin oligosaccharide (LCO) signal
molecules that mediate host specificity. A nodL-determined
O-acetyl substituent and a nodFE-determined, highly unsatu-
rated C18:4 fatty acid (trans-2, trans-4, trans-6, cis-11-
octadecatetraenoic acid) are both essential for the ability of
the signals to induce nodule meristems (Spaink et a. 1991)
and pre-infection thread structures (van Brussel et al. 1992) on
the host plant Vicia sativa.

We now focus on the question as to how these LCO signals
are synthesized in Rhizobium. For the synthesis of a basic
LCO, active nodABC genes are required (Spaink et al. 1991).
During biosynthesis the NodC protein seems to function as a
glycosyl transferase producing chitin oligosaccharides (Gere-
mia et al. 1994; Kamst et a. 1995). Purified NodB protein
shows N-deacetylase activity and removes an N-acetyl group
from the N-acetyl glucosamine of the nonreducing terminal
residue of chitin oligosaccharides (John et a. 1993). Finally,
the NodA protein is involved in the transfer of a fatty acyl
residue to the free amino group of the chitooligosaccharide

served attached to lipo-chitin oligosaccharides, suggest-
ing that an as yet unknown acyl transferase (presumably
NodA), responsible for the transfer of the fatty acyl
chain to the glycan backbone of the lipo-chitin oligosac-
charides, does not transfer all fatty acids synthesized by
the action of NodFE to the lipo-chitin oligosaccharides.
Rather, it must have a preference for a-B unsaturated
fatty acids during transfer.

backbone (Atkinson et al. 1994; Rohrig et al. 1994). Recently,
it has even been demonstrated that NodA, which was formerly
considered to be the product of a comnmm gene, can
function as a host-specific determinant during the transfer of
fatty acids in LCO biosynthesis (Debellé et al. 1996; Ritsema
et al. 1996; Roche et al. 1996).

Here, we report the results of our study of the biosynthesis
and transfer of the unusuaddFE-derived fatty acyl residues.
Of the nod genes, induction ofiodFE alone is sufficient for

the synthesis of the host-specific 303 nm-absorbiags-2,
trans-4, trans-6, cis-11-octadecatetraenoic acid (C18:4) (Gei-
ger et al. 1994), which iR. leguminosarum bv. viciae is the

only nodFE-derived fatty acidransferred in the formation of
host-specific, mitogenic LCO signal molecules (Spaink et al.
1991). Here we show that two othexdFE-derived fatty acyl
residues, a 225 nm-absorbingans-4, trans-6, cis-11-
octadecatrienoic acid (C18:3) and an octadecadienoic acid
Present address of O. Geiger: Technische Universitat Berlin, Institut fir (C18:2), are formed, although they are not incorporated into
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Germany. brane phospholipids.

Rhizobium bacteria interact with leguminous plants in a
host-specific manner and can cause the formation of nitrogen-
fixing root nodules. Plant-specific flavonoids induce rhizobial
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RESULTS nosarum and which has a retention time of 31.4 min. In addi-
tion, two peaks with retention times of 30.9 and 32.6 min are

Lipid extracts contain several nodFE-dependent only present whenodFE have been induced (Fig. 1B). If the
fatty é}CldS . gas chromagraph is linked to a mass spectrometer (with elec-
During our search for metabolites produced by the nodFE tron ionization) the two peaks with retention times of 30.9 and

gene products, we observed that NodFE are sufficient to re- 32.6 min give M molecular ions atvz 294 andwz 292, re-
direct fatty acid biosynthesis in Rhizobium in order to obtain spectively. These masses are consistent with methyl esters of

an unusual C18:4 fatty acid. This 303 nm—absorbing fatty acid  c18:2 and C18:3 fatty acids. A fragment ion is observed at
was found to be an important structural element of the host-nyz 74 in the spectrum of both compounds, corresponding to a
specific LCOs ofR. leguminosarum bv. viciae (Spaink et al.  \jcLafferty rearrangement ion (data not shown) indicative of

1991), but it was also detected linked to he? position of  fatty acid methyl esters. In the case of flame ionization detec-
phosphatidylcholine (Geiger et al. 1994). We had also noticedtion, the peak area of the substance with a retention time of
that other phospholipids showed an absorbance maximum aBp g9 min is substantially larger than that of the substance
225 nm and that they were also formed only after the induc-g|yting at 32.6 min, suggesting that there is significantly more
tion of the nodFE genes(Geiger et al. 1994). A 225 nm—  methy] ester of the C18:2 than of the C18:3 fatty acid present.
absorbance maximum is consistent with species bearing tworyo-dimensional, thin-layer chromatographic separation into

conjugated double bonds, suggesting to us that, in addition tohe individual phospholipid classes and their gas chroma-
the 303 nm-absorbing C18:4 fatty acid, in which threes tographic (GC) analysis after transmethylation indicated that
double bonds are in conjugation with the carbonyl group, the the C18:2 (retention time 30.9 min) and the C18:3 (retention

phospholipids may alternatively bear differewdFE-depen-  time 32.6 min) fatty acids were associated with the different

dent fatty acyl groups. _ . classes of phospholipids (data not shown). Minor peaks with
We therefore analyzed the fatty acid composition of retention times of 30.9 and 32.6 min, showing iolecular

crude lipid extracts obtained fronR. leguminosarum ions atm/z 294 andn'z 292, respectively, were also detected

LPR5045.pMP280.pMP1255, a strain that is able to overex-iy methanolyzed lipid extract of flavonoid-inducBdlegumi-

press the_genel_sodFE in the presence of _the flavonoid in-  nosarum bv. viciae RBL5560 wild type (data not shown),
ducer naringenin (Geiger et al. 1994). Figure 1 shows gasgyggesting that botmodFE-related substances are formed
chromatograms of methyl ester derivatives obtained from lipid \when the nodFE genes are expressed at wild-type levels.
extracts from a noninduced (Fig. 1A) and a naringenin- These results are surprising and seem to contradict our earlier
induced (Fig. 1B) bacterial cell suspension. The major fatty finding that thenodFE genes are responsible for the synthesis

acid methyl ester present in the preparations obtained undegf 5 c18:4 fatty acid that can be linked to the phospholipids
both experimental conditions is that ofsvaccenic acid,  (Geiger et al. 1994).
which is known to be the predominant fatty acidRinegumi-

Purification of nodFE-dependent phospholipids.

In order to understand which fatty acids are synthesized by
the action of NodFE fronR. leguminosarum bv. viciae, we
decided to purify severalodFE-dependent phospholipids and
determine their covalent structures.

Chloroform phases of Bligh-Dyer extracts were chroma-
tographed on DEAE-cellulose, which allowed separation of
the neutral phospholipids (phosphatidylethanolamine, PE;
A ‘i monomethylphosphatidylethanolamine, MMPE; dimethyl-

phosphatidylethanolamine, DMPE; and phosphatidylcholine,

PC) from anionic phospholipids (phosphatidylglycerol, PG;
and cardiolipin, CL). The neutral phospholipid fraction eluted
with chloroform/methanol (9:1, vol/vol) whereas the anionic
phospholipids were detected in the chloroform/methanol (4:1,
vol/vol) eluate containing 50 mM ammonium acetate. Neutral
and anionic fractions were further separated with normal
phase high-pressure liquid chromatography (HPLC) on silica
gel, which allows separation based mainly on the structures of
B ~ the head groups. Under these conditions, phosphatidylcholine
(in the neutral fraction) is bound strongly to the column, elutes
: | | : at a retention time of 34 to 40 min, and can therefore be totally
25 30 35 40 separated from all other phospholipid classes. The phosphati-
dylcholine fraction was further subjected to reverse phase

£,

—294
—292

Time (min - . . -
(min) HPLC, allowing base line separation of 303 nm-absorbing
Fig. 1. Gas chromatographic separation of methyl esters obtained from phosphatidylcholine (retention time of 131 to 148 min) from
(A) uninduced and (B) nodFE-induced lipid extracts from Rhizobium 225 nm-absorbing phosphatidylcholine (retention time of 150
leguminosarum LPR5045.pM P280.pM P1255. Detection was performed to 170 min) (Fig. 2).

with a flame ionization detector. In the nodFE-induced situation, two . .
novel substances are indicated by their masses for the molecular ions at A second class of substances found in the neutral fraction,

m/z 294 and 292, respectively, when analyzed in a mass spectrometer. monomethylphosphatidylethanolamine (MMPE), elutes with a
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retention time of 15 to 17 min during normal phase HPLC. In fewer double bond. The compound giving the iomé&t 758

a fina purification step (reverse phase HPLC) the 303 nm— corresponds to a phosphatidylcholine with a total of 34 carbon

absorbing MMPE (retention time of 124 to 132 min) and the atoms and two double bonds.

225 nm-absorbing MMPE (retention time of 135 to 152 min)  In order to determine the fatty acyl chains present and their

could be separated, yielding nearly homogenous preparations.sites of esterification to the glycerol, the same negative ion CID
Separation of the anionic fraction with normal phase HPLC method was used as proved successful in making these assign-

yielded phosphatidylglycerol (PG) with a retention time of 8 ments for the 303 nm—absorbing phosphatidylcholine (Geiger et

to 9 min. In a subsequent purification step (reverse phaseal. 1994). This involves collisional activation of the negative ion

HPLC) the 303 nm-absorbing PG (retention time of 38 to 42 generated on loss of the choline head group, and examination of

min) and the 225 nm-absorbing PG (retention time of 44 to 49the relative intensities of the resulting product ions. The ion

min) could be separated. generated on elimination of ttee-2 fatty acid is always more
Purified 303 nm-absorbing phospholipids showed absor-intense than that generated by the analogotks elimination

bance ratiosAspe/Axs = 5.0 to 7.0 depending on the phos- (Huang et al. 1992). Consequently, the negative ion/a695

pholipid species and the solvent used. Purified 225 nm-(corresponding to [M — cholinefor the species giving M* at

absorbing phospholipids showed absorbance ratigfss = vz 782) was subjected to CID MS-MS analysis. The resulting

2.0 to 2.4 depending on the phospholipid species and the solspectrum contained two sets of ions. Those a mvz 277 and 281

vent used. These data suggest that the molar absorptivity ofepresent carboxylate anions for C18:3 and C18:1 fatty acids,

303 nm-absorbing phospholipids at 303 nm is at least twicerespectively, while those at m/z 417 and 413 arise on eimination

that of 225 nm—-absorbing phospholipids at 225 nm. of a C18:3 and a C18:1 fatty acid from the parent ion, respec-

tively. Sincetheion at m/z 417 is significantly more intense than
Chemical structure of 225 nm—absorbing that at m/z 413, it can be concluded that the unusua C18:3 fatty
phosphatidylcholine. acid is located at sn-2, while the sn-1 position bears the com-

The purified 225 nm—absorbing phosphatidylcholine was monly occurring C18:1 fatty acid.
analyzed by 2- and 4-sector mass spectrometric (MS) methods The H nuclear magnetic resonance (NMR) spectra of the

in both the positive and the negative ion modes. 225 nm—absorbing PC showed resonances and coupling pat-
The positive ion fast atom bombardment-mass spectrumterns expected for acyl side chains containing double bonds.

(FAB-MS) contained an intense ‘Mnolecular ion atr/z 782 In particular, the two-dimensional, double-quantum-filtered

and two somewhat less intensé€ Molecular ions at/z 784 proton-proton correlated (DQFCOSY) spectrum (Fig. 3) re-

and 758, which are accompanied by thioglycerol adduct ionsvealed four signals betweéb.3 andd 5.9 that correspond to
at m/z 890, 892, and 866 consistent with the presence of methine protons from conjugated double bonds in positions 4
unsaturated fatty acids (Fukuda et al. 1985). Positive colli- to 7 of one of the acyl chains. The figure indicates their con-
sion-induced-dissociation tandem mass spectrometry (CID nectivity to the upfield signals of the methylene prot@ng.4
MS-MS) analysis of these three*Nbns yielded spectra all  to & 1.2) in the fatty acid chain. The 225 nm-absorbing PC
containing the same, intense product ionmé 184, corre- contains the C18:3 fatty acid, where the two conjugated dou-
sponding to the choline phosphate head grouf{GQMNs)s- ble bonds are both itrans (E-E) configuration. This is con-
CH,CH,-PO,(OH),), which ion is diagnostic for phosphati- firmed by the proton coupling constants across the bonds of
dylcholine phospholipids (Hiyashi et al. 1989). The species 14.5 Hz. These results are similar to those found for the acyl
giving rise to the ion atrvz 782 thus corresponds to a phos- chain of the 303 nm—-absorbing PC and the acyl chain of mito-
phatidylcholine containing fatty acyl chains with a total of 36 genic LCOs fromR. leguminosarum bv. viciae (Geiger et al.
carbon atoms and four double bonds, while that giving the ion1994; Spaink et al. 1991). However, the chemical shifts of
at m/'z 784 probably derives from a related impurity with one protons from positions 2 and 8 2.30,5 2.23) clearly indicate
saturated methylene groups. Additional signal® &.2 are
due to the isolated double bonds in both chains at position 11
and 12, and resonances belonging to the phosphatidylcholine
group are also indicated (cl to c5 in Figure 3). The spectrum
also shows signals due to some unidentified contaminants.
From the MS and the NMR spectroscopic studies we con-
clude that the 225 nm-absorbing phosphatidylcholine has the
primary chemical structure presented in Figure 4.
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Chemical structures of nodFE-dependent
monomethylphosphatidyl ethanolamines
and phosphatidylglycerals.

The purified 303 nm- and 225 nm-absorbing monomethyl-
phosphatidyl ethanolamine and phosphatidylglycerol fractions
were analyzed by 2- and 4-sector MS methods in both the
Fig. 2. Separation of 225 nm—absorbing phosphatidylcholine (PC) from  positive and the negative ion modes. The results of the analy-
303 nm-absorbing PC with high-pressure liquid chromatography ses and the tentative structural assignments are summarized in
(HPLC) on reverse phase silica gel. The PC fraction, as obtained aftergple 1.

chromatography on silica gel, was separated into molecular species as . s .
detailed in Materials and Methods. Absorptions at 206 (solid line), 225 The fraction containing the 303 nm-absorbing MMPE con-

(dashed line), and 303 (dotted line) nm are indicated. tained three different MMPE molecular species having

0 T T
0 40 80

Time (min)
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[M+H]* pseudomolecular ions at m/z 704, m/z 730 (most in-
tense), and m/z 752 that co-migrated through all purification
procedures. These pseudomolecular ions were accompanied
by athioglycerol adduct ion at m/z 812, 838, and 860, respec-
tively. These three molecular species were represented by cor-
responding [M—H]~ pseudomolecular ions at m/z 702, 728, and
750 in the negative ion mode. Each [M+H]* ion was subjected
to CID MS-MS in the positive ion mode. In each spectrum
one major product ion was observed (Fig. 5), corresponding to
the loss of 155 amu resulting from the elimination of the
monomethylethanolamine phosphate head group (see Table 1).

Negative ion CID MS-MS of the [M—H]~ pseudomolecular

ions was carried out in order to establish which fatty acids are
present in each species, based on a consideration of the car-
boxylate anions produced. The [M—H]~ precursor ion at nvz
702 yields a negative ion CID MS-MS spectrum containing
ions corresponding to carboxylate anions at m/z 253 for a
C16:1 fatty acid, and at m/z 255 for a C16:0 fatty acid. Simi-
larly, the precursor [M—H]~ ion at mV/z 728 yields product ions
at m'z 253 (C16:1) and 281 (C18:1), while the precursor with
m/z 750 yields product ions at 275 and 281, indicating it cor-
responds to a MMPE bearing one C18:4 and one C18:1 fatty
acyl chain (Fig. 5 insert), and is thus presumably responsible
for the 303 nm—absorption maximum.
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Fig. 3. Double-quantum-filtered proton-proton correlated (DQFCOSY) spectrum (600 MHz) of the 225 nm—absorbing phosphatidylcholine (PC). Con-

nectivity indicated corresponds to the conjugated double bond system (peaks labeled 4 to 7) and to the rest of thepegh<Rai®, @nd 8 to 15).
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The positive ion FAB-MS of the purified 225 nm—absorbing
MMPE gave a major [M+H]pseudomolecular ion at/'z 754
accompanied by a thioglycerol adductionnalz 862. In the
negative ion mode, an [M—Hpseudomolecular ion for the
same species was observed at m/z 752.

In order to test for the presence of MMPE, the [M+H]* ion
at m/z 754 was subjected to CID MS-MS in the positive ion
mode. One mgjor product ion was observed (Fig. 6) at m/z
599, corresponding to the loss of the monomethylethanola-
mine phosphate head group [M-PO,CH,CH,N(CH3)]* (155
amu) as expected from MMPE.

CID MS-MS in the negative ion mode of the precursor ion
at m/z 752 was carried out (Fig. 6 insert) in order to establish
the fatty acids present. Two product ions were observed at m/z
277 and 281, corresponding to the carboxylate anions of a
C18:3 and a C18:1 fatty acid.

The fraction corresponding to the 303 nm-absorption

The negative ion mode FAB-MS of this fraction, obtained
in a matrix of thioglycerol, contains a pair of [M—Hjseudo-
molecular ions at m/z 767, corresponding to a PG species with
atotal of 36 carbon atoms and five double bonds, and nVz 745,
corresponding to the species having 34 carbon atoms and two
double bonds. The [M—H] ions are accompanied by thioglyc-
erol adduct ions at m/z 853 and 875. The negative ion collision
spectrum obtained from the ion at m/z 767 gives ions at m/z
275 and 281 (Fig. 7 insert), corresponding to carboxylate ions
for its component fatty acids, a C18:4 (m/z 275) and a C18:1
(m/z 281) species.

The fraction eluting very close to that with the 303 nm—
absorption maximum and having a 225 nm-absorption maxi-
mum was also analyzed by positive ion mode FAB-MS in a
matrix of m-NBA. This gave a series of ionsmatz 769, 771,
773, 791, 793, and 795, the latter two being much the most
intense, and corresponding to [M+Najseudomolecular ions

maximum for species assumed to correspond to phosphatifor species bearing a total of 36 carbon atoms and four and

dylglycerols failed to give pseudomolecular ions when ana-
lyzed by positive ion mode FAB-MS in a matrix of thioglyc-
erol, but gave intense ions am/z 769 and 791 when
analyzed in a matrix oft-NBA. These ions correspond to
[M+H]* and [M+Na] pseudomolecular ions for a PG spe-
cies bearing a total of 36 carbon atoms and five double

three double bonds, respectively. Positive ion CID MS-MS
analysis of the precursor atz 793 yielded one fragment ion

at m'’z 599 corresponding to the loss of the glycerol sodium
phosphate head group from an [M+Najn for a PG bearing

a total of 36 carbon atoms and four double bonds, together
with an ion atm/z 621, for the loss of glycerol phosphate. In

bonds. Positive ion mode CID analysis of each of these twothe same way, the positive ion CID MS-MS analysis of the
pseudomolecular ions yielded spectra containing an intense

fragment ion at/z 597, which corresponds to the 10ss of Taple 1. Summary of fast atom bombardment—mass spectrometric data

the glycerol phosphate head group from the [M=*k{n
(Fig. 7) and the loss of glycerol sodium phosphate from the
[M+Na]* species, together with a fragment ionnaz 195

obtained from high-pressure liquid chromatography (HPLC)—purified
phospholipids with structural assignménts

lonization [M+H]*

for the glycerol sodium phosphate head group, demonstrat-Fraction ~ mode or [M—H]~ Fragments Assignments®
ing that these components do indeed correspond to PGs. Iy Pos 704 549 MMPE
addition to the intense fragment ionratz 597 in the CID Neg 702 253, 255 Cl16:1, C16:0
mass spectrum obtained from the 769 precursor, a second, Pos 730 575 MMPE
much less intense fragment ion was observedvat575, ’F\foeg ;gg ggg 281 %\%E Clal
which can be rationalized as arising by loss of a glycerol s . )
; ; . Neg 750 275, 281 Cl8:4,C18:1
sodium phosphate head group from a species having a total
of 34 carbons and two double bonds, presumably from oneB ,F\’IOS ;2‘2‘ g’?? - gll\g'ZECB'l
C16:1 and one C18:1 fatty acyl chain. In other words, there = ' R
is evidence for the presence of a small amount of a contami-C ’F\’IOS ;gg g% - 2(138.4 c1e1
nating species present in this fraction that would not give % ' B
rise to a 303 nm-absorption maximum, but that is incom- P ’F\’IOS ;gg ;g‘; - 2(1383 c1e1
; ; eg , -3, :
pletely fractionated during the chromatography. Pos 784 184 PC
Pos 758 184 PC
Ha CHy E Pos 769 597 PG
‘{CHZ_CHZ_NQ_% ({CHz_CHz._N@_c"s Neg 767 275, 281 Cl8:4,C18:1
1 e Hg I o CH3 F Pos 771 599 PG
o=p—0 0=p—0 Neg 769 277,281 C18:3, C18:1
2 ? Pos 773 601 PG
e P Neg 771 279, 281 C18:2,C18:1
OHZ\ CH\ CHZ\_CH\ - P . - - ™
o o} < o @ From the neutral fraction, phospholipids with a retention time on silica
o=cf o=cf 0=6, o= gel of 15t0 17 (A, B) or 34 to 40 (C, D) min were separated further on
reverse phase HPLC. Reverse phase separation yielded a 303 nm—
absorbing fraction with a retention time of 124 to 132 min (A) and a
225 nm-absorbing fraction with a retention time of 135 to 152 min
(B), or in the alternative case a 303 nm—absorbing fraction with a re-
tention time of 128 to 144 min (C), and a 225 nm-absorbing fraction
with a retention time of 150 to 164 min (D). The anionic fraction that
eluted with a retention time of 8 to 9 min from silica gel was separated
Amax=2250m Amax=303nm further on reverse phase HPLC, yielding a 303 nm—absorbing fraction

Fig. 4. Structures of 225 nm—absorbing phosphatidylcholine (PC) and
303 nm-absorbing PC froRhizobium leguminosarum bv. viciae.

with a retention time of 38 to 42 min (E), and a 225 nm—absorbing
fraction with a retention time of 44 to 49 min (F).
b See Results for definitions of abbreviations.
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precursor ion at m/z 795 yielded fragments, corresponding to
the loss of the glycerol sodium phosphate head group (m/z
601) from a PG species bearing atotal of 36 carbon atoms and
three double bonds, and present as its [M+Na]* ion, together
with a second fragment at m/z 623 produced by the loss of the
glycerol phosphate head group. The negative ion mass spec-
trum obtained in a matrix of thioglycerol contains a pair of
intense [M—H] ions at m/z 769 and 771, together with thio-
glycerol adduct ions at m/z 877 and 879, corresponding to PGs
bearing 36 carbon atoms and a total of four and three double
bonds, respectively. Negative ion CID spectra of the [M—H]~
ions contain product ions corresponding to carboxylate anions
of the component fatty acyl chains—the precursor ion atvz

769 generates such ionsrag 277 (C18:3) and 281 (C18:1)

(Fig. 8A), while that atn/z 771 yields product ions at/z 279
(C18:2) and 281 (C18:1) (Fig. 8B).

nodFE from R. leguminosarum bv. viciae areinvolved in
the synthesis of at least three polyunsatur ated fatty acids.

ration of phospholipids bearing C18:4 (303 nm absorbance)
from phospholipids bearing C18:3 (225 nm absorbance) fatty
acyl moieties. Phospholipids havingnadFE-derived C18:2

(no specific absorbance, but absorbance at 205 nm) fatty acyl
chain are sometimes found as minor impurities in fractions
containing phospholipids with a 225-nm absorbance. Peak ar-
eas of GC analysis of fatty acyl methyl esters (Fig. 1) indicate
that nodFE-induced lipid extracts fronR. leguminosarum bv.
viciae contain more C18:2 than C18:3 fatty acids. Chroma-
tographic separation of the 303 nm-absorbing from the 225
nm—absorbing species of individual phospholipid classes (Fig.
2) and their relative molar absorptivities indicate that in each
case significantly more of the 225 nm-absorbing, C18:3 fatty
acid—containing species is present than of the 303 nm-
absorbing, C18:4 fatty acid—containing species.

DISCUSSION
Three nodFE-related polyunsaturated fatty acids

In an earlier paper we described the production of 303 nm—are produced in R. leguminosarum bv. viciae.
absorbing phospholipids containing a C18:4 fatty acid caused GC-MS analysis of methanolyzed Bligh-Dyer extracts of

by the presence ofodFE from R. leguminosarum bv. viciae

whole cells fromR. leguminosarum bv. viciae revealed the

(Geiger et al. 1994). Separation and purification of phospho- methyl esters of two novebdFE-induced fatty acids with the
lipid species based on their acyl chains allows baseline sepamasses 294, corresponding to a C18:2 fatty acid, and 292, rep-

275
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Fig. 5. Mass spectrometry of 303 nm—absorbing monomethylphosphatidylethanolamine (MMPE). Positive ion collision-induced-dissociation tandem
mass spectrum of the 303 nm—absorbing MMPE with partial negative ion collision spectrum as insert.
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resenting a C18:3 fatty acid. Authentic, chemically synthe-
sized trans-2, trans-4, trans-6, cis-11-octadecatetraenoic acid
(C18:4) methyl ester, with a mass of 290, migrates on GC
with the same retention time as other major fatty acid methyl
esters (data not shown) and therefore the trans-2, trans-4,
trans-6, cis-11-octadecatetraenoic acid, which is formed in
lesser amounts than the nodFE-dependent C18:2 or C18:3
fatty acids, escaped detection in whole-cell Bligh-Dyer ex-
tracts as its methyl ester. Diode array analysis of HPLC €lu-
tion profiles of phospholipids alowed detection of either one
of two nodFE-induced absorbances. If a phospholipid showed
a 225-nm absorbance, it contained a C18:3 fatty acid (mass of
fatty acid methyl ester = 292; presumably trans-4, trans-6,
cis-11-octadecatrienoic acid), and if a phospholipid showed an
absorbance maximum at 303 nm it contained a C18:4 fatty
acid, identified as trans-2, trans-4, trans-6, cis-11-octadeca-
tetraenoic acid (mass of fatty acid methyl ester = 290) (Geiger
et a. 1994), the latter being identical to the nodFE-derived
polyunsaturated fatty acid, conferring host specificity on the
mitogenic LCOs of R. leguminosarum bv. viciae (Spaink et al.
1991). We therefore conclude that nodFE are responsible for
the synthesis of three polyunsaturated fatty acids. a C18:2
fatty acid (mass of methyl ester = 294, probably trans-6, cis-

11-octadecadienoic acid); a 225 nm—absorbing C18:3 fatty

acid (mass of methyl ester = 29%2ans-4, trans-6, cis-11-

octadecatrienoic acid); and the 303 nm-absorbing C18:4 fatty
acid (mass of methyl ester = 290), identified previously as
trans-2, trans-4, trans-6, cis-11-octadecatetraenoic acid (Fig.
9). It is interesting to note that when a plasmid carrying the
nodFE genes ofR. leguminosarum bv. viciae was introduced
into R. meliloti nodFE- and nodFEG-deleted strains, LCOs
with polyunsaturated C18 fatty acids (C18:2, C18:3, and
C18:4) were detected (Demont et al. 1993). However, the
C18:3 and the C18:2 fatty acyl groups found on LCOR.of
meliloti harboring thenodFE genes ofR. leguminosarum bv.
viciae are strikingly different from the C18:3 and the C18:2
fatty acyl groups we have found in the phospholipidsRof
leguminosarum bv. viciae and which we describe here. The
C18:3 and the C18:2 fatty acyl groups found on LCOR.of
meliloti harboring thenodFE genes ofR. leguminosarum bv.
viciae are described as$rans-2, trans-4, cis-1l-octadeca-
trienoic acid (absorbance maximum at 270 nm) &ads-2,
cis-11-octadecadienoic acid (absorbance maximum around
220 nm), respectively, and are therefore oo unsaturated
fatty acids. These latter two fatty acids have not been de-
scribed inR. leguminosarum bv. viciae and their occurrence in
R. meliloti might be due to the presence of an extra enoyl re-
ductase irR. meliloti (Demont et al. 1993).

From the GC elution profile of methanolyzed Bligh-Dyer
extracts of whole cells fronfRhizobium leguminosarum we
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Fig. 6. Mass spectrometry of 225 nm—absorbing monomethylphosphatidylethanolamine (MMPE). Positive ion collision-induced-dissociation tandem
mass spectrum of the 225 nm—absorbing MMPE with partial negative ion collision spectrum as insert.

Vol. 11, No. 1, 1998/ 39



conclude that more C18:2 fatty acid than C18:3 fatty acid is
produced. From the observation that the 225-nm absorbance in
a given phospholipid class is always higher than the 303-nm
absorbance, and considering that for a less conjugated system
(C18:3) the molar extinction coefficients are lower than for a
more conjugated system (C18:4), we aso conclude that the
C18:3 fatty acid is more abundant than the C18:4 fatty acid.

Purification of phospholipids containing
nodFE-dependent fatty acids.

Anionic phosphoalipids (PG and CL) were separated from
neutral phospholipids by chromatography on DEAE-cellulose
52. Purification into classes according to head group was
achieved with norma phase HPLC. Further purification by
reverse phase HPLC (Spherisorb ODS-2) allows a separation
on the basis of the fatty acyl residues, thereby alowing the
isolation of individual phospholipid species. The following
nodFE-dependent phospholipids have been purified and ex-
tensively characterized by MS and MS-MS in the positive and
negative ion modes. The results allow a determination of the
polar head groups (in the positive mode) as well as the identi-
fication (and for PCs the determination of the sites of attach-
ment) of the phospholipid-linked fatty acids (in the negative
mode): (i) the 303 nm—absorbing PC contains a C18:4sat2
position and a C18:1 fatty acid st-1 position (Fig. 4); (ii)
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Fig. 7. Mass spectrometry of 303 nm—absorbing phosphatidylglycerol (PG). Positive ion collision-induced-dissociation tandem mass spectrum of the

the 225 nm-absorbing PC contains a C18:3n& position

and a C18:1 fatty acid &h-1 position (Fig. 4); (iii) the 303
nm-absorbing MMPE contains one C18:4 and one C18:1 fatty
acid; (iv) the 225 nm-absorbing MMPE contains one C18:3
and one C18:1 fatty acid; (v) the 303 nm—absorbing PG con-
tains one C18:4 and one C18:1 fatty acid; (vi) the 225 nm—
absorbing PG contains one C18:3 and one C18:1 fatty acid;
and (vii) as a minor impurity in the 225 nm—-absorbing PG we
find a PG that contains a C18:2 and a C18:1 fatty acid.

In conclusion, NodFE are involved in the synthesis of three
polyunsaturated fatty acids (C18:2, C18:3, and C18:4) and, of
all thenod genes, only th@odFE genes are needed for their
synthesis. All three fatty acids are incorporated into the phos-
pholipids (amounts: C18:2 > C18:3 > C18:4) and they show a
characteristic absorbance maximum at 303 (C18:4) or 225
(C18:3) nm, or show only absorbance at 206 nm but no spe-
cific absorbance (C18:2).

Biosynthesis and acyl transfer of nodFE-dependent
fatty acids.

Surprisingly, the mitogenic, host-specific LCOs fréinle-
guminosarum bv. viciae contain only one sort ohodFE-
derived fatty acid, then-3 unsaturated C18:4 fatty acid.
Therefore, we report here for the first time on novel fatty acids
synthesized by the biochemical action of NodFE but which
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303 nm-absorbing PG with partial negative ion collision spectrum as insert.
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are not used in LCO biosynthesis. These observations have round of fatty acid elongation an C1423 unsaturated acyl-
yielded an insight into LCO biosynthesis, especialy as to how NodF could be condensed either with malonyl-NodF or malo-
the acyltransferase might work. Only the C18:4 fatty acid is nyl-AcpP, leading to the formation of C16:3 acyl-NodF and
selectively transferred to the LCOs. There are two possible C16:3 acyl-AcpP derivatives with twwans double bonds in
explanations for this effect: Either (i) the acyltransferase conjugation to the carbonyl group, respectively. The C16:3
(presumably NodA) that transfers fatty acyl residues to de-N- acyl-AcpP, which is not protected against the second reduction
acetylated chitooligomers has a high degree of selectivity for step of the fatty acid elongation cycle, would be reduced in the
a-R unsaturated fatty acids, or (ii) the LCO acyltransferase isa- position of the acyl residue, leading to C16:2 acyl-AcpP.
selective for acyl-NodF intermediates and fatty acids lacking As R. leguminosarum predominantly synthesizes fatty acids
ana-R unsaturation (C18:3 and C18:2) might not be linked to with a chain length of 18 carbons (Spaink et al. 1991), it is to
NodF. A model on the biosynthesis of the differantFE- be expected that the C16:2 acyl-AcpP is converted in a subse-
derived fatty acids irR. leguminosarum bv. viciae (Fig. 10) quent complete elongation cycle to the C18:2 octadecadi-
explains how they can be linked to different acyl carrier pro- enoyl-AcpP. The C16:3 acyl-NodF, harboring twans dou-
teins, either the constitutive AcpP or the nodulation protein ble bonds in conjugation to the carbonyl group, would be
NodF. It is currently thought that the acyl carrier protein NodF condensed in another round of fatty acid elongation with ma-
and the presumable condensing enzyme NodE modify normallonyl-NodF or malonyl-AcpP, leading to the formation of
fatty acid biosynthesis in such a way that wloeff unsatu- C18:4 acyl-NodF and C18:4 acyl-AcpP derivatives with three
rated fatty acyl residues are linked to NodF they do not un-trans double bonds in conjugation to the carbonyl group, re-
dergo the second reduction step of a normal fatty acid synthespectively. The unprotected C18:4 acyl-AcpP would be sub-
sis elongation cycle (Geiger et al. 1994). In the following ject to a second reduction, leading tocaf saturated C18:3
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Fig. 8. Fatty acyl residues in nodFE-derived phosphatidylglycerols (PGs). Partial collision-induced-dissociation tandem mass spectra in the negative ion
mode of (A) the 225 nm—absorbing PG an@) the C18:2 fatty acyl-containing PG.
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octadecatrienoyl-AcpP. The C18:4 octadecatetraenoyl-NodF
remains unaltered until acyl transfer reactions occur. There-
fore, of the nodFE-derived fatty acids only the C18:4 would
be linked to NodF and transferred to L COs and phospholipids,
whereas the others (C18:3 and C18:2) would be linked to the
congtitutive acyl carrier protein AcpP and would not be trans-
ferred to LCOs, but only to phospholipids (Fig. 10). Such a
mechanism would lead to the introduction of only the C18:4
fatty acid into LCOs and to a significant discrimination
against the other nodFE-derived polyunsaturated fatty acids,
the C18:3 and the C18:2.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions.

Strains and plasmids are listed in Table 2. Broad host range
plasmids were mobilized from Escherichia coli K12 strain
KMBL1164 to R. leguminosarum with pRK2013 as a helper
plasmid (Ditta et al. 1980) as previously described (Spaink et
al. 1987).

Cultures of R leguminosarum were grown on medium B

(van Brussel et a. 1977) at 30°C on a gyratory shaker. If

was gently stirred for 1 h at room temperature. After centrifu-
gation, the supernatant extract was decanted into a glass tube
and the pellet was reextracted with 4.75 volumes methanol/
chloroform/water (2:1:0.8, vol/vol) and centrifuged. To the
combined supernatant extracts were added 2.5 volumes each
of chloroform and water, and the mixture was centrifuged.
The lower chloroform phase was withdrawn and brought to
dryness in a rotary evaporator. The lipid residue was immedi-
ately redissolved in methanol/chloroform (1:1) and was stored
under nitrogen at —20°C.

Methanolysis of lipids.

Dried lipid extracts were treated with 0.5 ml of hydrochlo-
ric methanol (0.6 N HCI in methanol) in sealed Teflon tubes
under nitrogen at 65°C for 15 h. After addition of 0.5 ml of
water the methyl esters were extracted twice with two vol-
umes of 0.5 ml of methylene chloride.

Analysis of fatty acid methyl esterswith GC
and GC linked toMS.

The combined methylene chloride extracts were dried down
and taken up in a total volume of EDof methylene chloride.

strains harbored broad host range plasmids, 0.5 mg of strepUsually, 1ul of sample was injected and analysis was per-
tomycin per ml was added to maintain IncQ plasmids and 2formed on a 60-m DB-1 column (J & W) with the following
ug of tetracycline per ml was added to maintain IncP plas- temperature program: the initial temperature of 75°C was

mids. For induction, naringenin (18M final concentration)

was added at a cell density of 5 X p@r ml. Cells were usu-

ally harvested after 3 generations of further growth.

Extraction of lipids.

raised at the rate of 10° per min and was held constant after
the final temperature of 250°C was reached. The injector tem-
perature was 250°C.

For quantification of fatty acid methyl esters a flame ioni-
zation detector (at 250°C) was used with a Hewlett-Packard

Lipids were extracted by a modified Bligh and Dyer (Bligh 5890 instrument fitted with the DB-1 column.
and Dyer 1959) procedure. Wet cell paste was made up to 1 When GC-MS was performed, a Hewlett-Packard 5995 in-
volume with water, and to the suspension 3.75 volumes ofstrument fitted with the DB-1 column was coupled to a HP
methanol/chloroform (2:1, vol/vol) was added. The mixture 300 data system. MS temperatures were 300°C for the transfer

C184 c18:3 c18:2
/OH /OH /OH
0= o= o=C
o
8 /
4 4
4 4 4

Fig. 9. Proposed structures for nodFE-derived fatty acids in Rhizobium
leguminosarum bv. viciae.
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line, 200°C for the ion source, and 230°C for the analyzer.
Data were acquired in the electron impact mode (70 eV). The
scanning range was 50 to 65 at 1 s per decade.

Purification of phospholipids.

In order to obtain enough material to allow NMR spectros-
copy on individual phospholipid species, 70 liters of rhizobial
culture was grown to obtain 655 g of wet cells of naringenin-
induced R. leguminosarum LPR5045.pMP280.pMP1255.
Bligh-Dyer extraction yielded about 4.5 g of total lipids.

A crude separation of neutral and anionic phospholipids was
achieved by chromatography on DEAE-cellulose (DE-52,
Whatman) (Kates 1986). The sample was applied as a solution
in 20 ml of chloroform (4.0 g of total lipids) to a 200-ml col-
umn of DEAE 52-cellulose in its acetate form, which had
been equilibrated with chloroform. The column was then se-
quentially eluted with the following solvents: 5 volumes of
chloroform, 9 volumes of chloroform-methanol (9:1, vol/vol),

5 volumes of chloroform-methanol (1:1, vol/vol), and 10 vol-
umes of chloroform-methanol (4:1, vol/vol) containing 50 mM
ammonium acetate. The individual fractions were brought to
dryness in a rotary evaporator and they were immediately dis-
solved in methanol/chloroform (1:1, vol/vol) and stored under
nitrogen at —20°C.

All major phospholipid classes were separated by normal-
phase silica gel HPLC (Patton and Robbins 1990), either on
an analytical Hypersil column 4.6 x 160 mm (Shandon, Pitts-



burgh, PA) with a flow rate of 1 ml per min, or on a Hyper-

prep 120 Silica 12U column 4.6 x 250 mm (Alltech, Deer-
field, IL) with a flow rate of 2 ml per min. The mobile phase
consisted of hexane/2-propanol/ethanol/25 mM potassium

Table 2. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics

Sourceor reference

LPR5045

phosphate (pH 7.0)/acetic acid (485:376:100:56:0.275, vol/
vol). Diode array spectroscopic detection was performed with

a Pharmacia RSD 2140 optical unit.

RBL5560

The purified phospholipid classes were separated into mo- asmids
lecular species on a 4 x 250 mm Superpac Spherisorb ODS-£>| pMP280
column (Pharmacia) (Patton et al. 1982). They were eluted with

methanol/water/acetonitrile (90.5:7:2.5, vol/vol) containing 20

mM choline chloride at a flow rate of 0.5 ml per min.
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Fig. 10. Model for the biosynthesis and acyl transfer of the different nodFE-derived fatty acids.
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MS. Geremia, R. A., Mergaert, P., Geelen, D., van Montagu, M., and Hol-

Positive and negative ion mode mass spectra were obtained sters, M. 1994. The _NodC protein Aforhizobium caulinode_ms is
. . anN-acetylglucosaminyltransferase. Proc. Natl. Acad. Sci. USA 91:
from the purified 303 nm- and 225 nm-absorbing phosphol-  5zcq 565"
ipids. Samples redissolved in chloroform/methanol (1.1, vol/ Hiyashi, A., Matsubara, T., Morita, M., Kinoshita, T., and Nakamura,
vol) were analyzed by loading 1 to® of sample solution T. 1989. Structural analysis of choline phospholipids by fast atom
into a matrix of monothioglycerol (positive ion mode) or bombardment mass spectrometry and tandem mass spectrometry. J.
meta-nitrobenzyl alcoholrifrNBA) (negative ion mode). Mass Huzl'ggh;”_hmé'g’;g 186,562;12(162},\, eeley, C. C. 1992. Characterization
spectra were obtained with MS1 of a JEOL ‘]MS'SXISX]-OZA of diacylglycerolphosphocholine molecular species by FAB-CAD-
tandem mass spectrometer operated at 10 kV accelerating MS/MS: A general method not sensitive to the nature of the fatty
voltage. The FAB gun was operated at 6 kV, with an emission acyl groups. J. Am Soc. Mass Spectrom. 3:71-78.
current of 10 mA, and with xenon as the bombarding gas.Jogﬂg M. Rol\z”'(‘jélé”-’ tS(_Ihf_ﬂldt,I J-aW'e”edkeI'tU-v and SIChe“t'hJ- 1993.
izobium NodB protein involved in nodulation signal synthesis is
Spe(:.tra were scanned at a speed of 30 s for the full mass range, chitooligosaccharide deacetylase. Proc. Natl. Acad. Sci. USA
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and averaged with JEOL COMPLEMENT software run on a Kamst, E., van der Drift, K. M. G. M., Thomas-Oates, J. E., Lugten-
Hewlett-Packard 9000 series data system. Tandem mass spec-berg, B. J. J., and Spaink, H. P. 1995. Mass spectrometric analysis
tra were obtained from the same samples following CID in the of chitin oligosaccharides produced B}izobium NodC protein in

third field free region, with the same instrument in its 4-sector Escherichia coli. J. Bacteriol. 177:6282-6285.
gion, Kates, M. 1986. Techniques of Lipidology. 2nd ed. Elsevier Science

mode under similar conditions, and with helium as the colli-  pyplishers, Amsterdam.
sion gas at a pressure sufficient to reduce the parent ion to on#arion, D., and Wiithrich, K. 1983. Application of phase sensitive
third of its original intensity. two-dimensional correlated spectroscopy (COSY) for measure-

ments of 1H-1H spin-spin coupling constants in proteins. Biochem.
Biophys. Res. Commun. 113:967-974.
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volivol). Spectra were acquired on a Bruker AMX600 at Patton, G. M., and Robbins, S. J. 1990. Extraction of phospholipids

o T ; _ ; At and analysis of phospholipid molecular species. Methods Enzymol.
25°C. Two-dimensional DQF-COSY experiments (Piantini et 187:195-215.

al. 1982) were performed in phase-sensitive mode by the TPPbjantini, U., Sorensen, O., and Ernst, R. R. 1982. Multiple quantum

method (Marion and Wiithrich 1983). filters for elucidating NMR coupling networks. J. Am. Chem. Soc.
104:6800-6801.
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