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STRUCTURE OF LIPID A FROM THE MARINE GRAM-NEGATIVE
BACTERIUM Pseudoalteromonas nigrifaciensAM 130107

A. S. Volk, I. N. Krasikova, S. D. Anastyuk, UDC 577.115:579.84:543.429.23
P. S. Dmitrenok, and T. F. Solo\eva

The structure of lipid A from the mariggroteobacteriunPseudoalteromonas nigrifaci¢As1 13010 that

was prepared by hydrolysis of the corresponding lipopolysaccharide by acetic acid (1%) was determined by
chemical analysist3C NMR spectroscopy, and MALDI/TOF and LSIMS mass spectrometry. It was shown
that lipid A is a3-1,6-bonded disaccharide of glucosamine that is substituted by two phosphoric acids (in the
C1 and C4positions), two (R)-3-hydroxyalkanoic (normal and branched) acids with ester bonding (at the C3
and C3-positions), and (R)-3-hydroxydodecanoic and (R)-3-dodecanoyloxydodecanoic acids (both with amide
bonding at C2and C2, respectively). It was hypothesized that this type of structure is typical of lipid A from
bacteria of the genuBseudoalteromonas general.

Key words: marine gram-negative bacterizseudoalteromonas nigrifaciensPS, lipid A,13C NMR spectroscopy,
MALDI/TOF and LSIMS mass spectrometry.

Gram-negative bacteria contain an unusual glycophospholipid called lipid A in addition to classical lipids constructed
from glycerine.

It is well-known that variations in the structure of lipid A are largely determined by the cultivation conditions of the
microorganisms [1, 2]. Therefore, we supposed that marine bacteria, whose habitat is typically cold with high pressure and an
elevated content of inorganic saJ8, could become a source of structural variants of lipid A that are interesting from a
pharmacological viewpoint. However, information on the structure and biological activity of lipid A from marine gram-negative
bacteria are available for a limited number of microorganisms [4-6].

We studied the structure of lipid A from a bacterium of the g@sesidoalteromona®. nigrifaciensAM 13010,

This is an aerobic, heterotrophic, gram-negative bacterium [7] and widely distributed obligate marine microorganism that is
easily isolated from littoral waters and from the open sea and requires seawater in the growth medium.

The most common method for preparing lipid A is hydrolysis by AcOH (1%) of lipopolysaccharide (LPS) [8], which
is in turn obtained by extraction of defatted cells by hot aqueous phenol (45%) by the Westphal method [9]. Using tlhis approac
lipid A was isolated fronf. nigrifaciensand contained glucosamine (GlcN), phosphorus, and FA according to total chemical
analysis.

The principal FA were 3-hydroxydodecanoic (3-OH-12:0, 36.1 mass %), a part of which (3.4%) occurred as the
iso-form; dodecanoic (12:0, 12.8%); 3-hydroxyundecanoic (3-OH-11:0, 7.9%); 3-hydroxytetradecanoic (3-OH-14:0, 6.2%);
3-hydroxytridecanoic (3-OH-13:0, 5.0%); and 3-hydroxydecanoic (3-OH-10:0, 2.6%). Thus, lipid R.frogrifaciens like
lipid A from other bacteria of this genus [10], is highly heterogeneous with respect to the composition of 3-hydroxyalkanoic
acids.

According to TLC, lipid A fromP. nigrifaciensis a rather complex mixture of homologs with differing degrees of
phosphorylation and acylation. This significantly complicates its further structural characterization. In order to tecrease t
heterogeneity of the studied preparation, lipid A was treated with HCI (0.1 M) in order to remove the glycoside-bound
phosphoric acid, which is highly acid-labile [11].
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TABLE 1. MALDI/TOF and LSIMS Negative-lon Mass Spectra of Lipids A fl@migrifaciens
IAM 13010", P. haloplanktisATCC 14399, andP. tetraodonidAM 14160

m/z ke, %0 lon composition

Lipid A from P. nigrifaciens
MALDI/TOF MS of diphosphorylated derivative

1473.4 41 [M(2xGIcN+4x3-OH-12:0+1x12:0+2x4PQy)-H]

1291.5 100 [M(2xGIcN+4x3-OH-12:0+2xHPOy,)-H]

1093.4 34 [M(2xGIcN+3x3-0OH-12:0+2xHP0Oy)-H]
MALDI/TOF MS of monophosphorylated derivative

1393.3 57 [M(2xGIcN+4x3-OH-12:0+1x12:0+1xHPOy)-H]

1195.6 100 [M(2xGIcN+3x3-OH-12:0+1x12:0+1xHPOy)-H]

1013.4 70 [M(2xGIcN+3x3-OH-12:0+1xHPQy)-H]

LSIMS MS of monophosphorylated derivative

1195 25 [M(2xGIcN+3%3-0OH-12:0+1x12:0+1x4PCy)-H]
1013 58 [M(2xGIcN+3%3-0OH-12:0+1xHPCy)-H]
816 100 [M(2xGIcN+2%3-0OH-12:0+1xHPCy)-H]
654 63 [M(1xGIcN+2%3-0OH-12:0+1xHPCy)-H]

LSIMS MS of monophosphorylated derivative of lipid A frémhaloplanktis

640.2 22 [M(1xGIcN+1%3-OH-12:0+1x3-OH-11:0+1x4f0y)-H]
456.2 100 [M(1xGIcN+1%x3-OH-12:0+1xHPCy)-H]

LSIMS MS of monophosphorylated derivative of lipid A fréntetraodonis

815.3 20 [M(2xGICN+2x3-0H-12:0+kH,PO,)-H]"
654.2 16 [M(1xGIcN+2x3-0OH-12:0+kH,PO,)-H]"
456.3 100 [M(1xGIcN+1x3-OH-12:0+K&H,PO,)-H]"

Fractionation of lipid A treated with HCI (0.1 M) by ion-exchange chromatography over a column of Servacel
DEAE-52 cellulose produced two main fractions that differed from each other according to MALDI/TOF mass spectrometry
(Table 1) by 80 amu and, therefore, were mono- and diphosphorylated derivatives. These data suggest that lipid A from
P. nigrifaciensin general contains two phosphates, one of which is located on C1 of a glucosaminobiose.

Further structural investigations were carried out using the monophosphorylated derivative of lipidt2C NINER
spectrum of this sample showed two resonances for anomeric C atoms of GIcN, which proved the disaccharide nature of lipid
A. The chemical shifts (CS) (91.7 and 101.9 ppm) of these resonances indicatedrd@-configurations of the reducing
and nonreducing ends of the glucosaminobiose and the lack of a phosphate on C1 (the presence of phosphoric acid on C1 ¢
GlcN is seen as a shift of the resonance of this C atom to weak field by & ppm [12]).

The spectral region where C2 of GIcN resonates (two resonances with CS 52.6 and 54.4 ppm) confirmed the conclusion
about the disaccharide nature of the compound and indicateddhd-configurations of the anomeric centers of the reducing
and nonreducing GIcN. The strong-field shift of the resonances for both C2 atoms (compared with C2 resonances of 56.6 and
53.9 ppm, respectively) in the 6-diphenylphosphater-ofiethyl-O-(2-deoxy-2-[R,S)-3-hydroxytetradecanoylaming.D-
glucopyranosyl)-(L. 6')-2-(2-deoxy-2-[R,S)-3-hydroxytetradecanoylamino]-D-glucopyranoside [13] leads to the conclusion that
the C3 hydroxyls of both GIcN units are substituted.

The region of C6 resonances of GIcN units have one resonance (60.9 ppm). The resonance of the second C6 is shiftec
to 69 ppm, indicating #-1,6-glycoside bond in lipid A fronf. nigrifaciens

Thus, the carbohydrate skeleton of lipid A frémnigrifaciensis a3-1,6-bonded disaccharide of GIcN with two
phosphates, one of which is located on C1. Both amino groups and the hydroxyls on C3ddittte@Bucosaminobiose have
acyl substituents.

The region of carbonyl resonances intf@ NMR spectrum of lipid A fron®. nigrifacienscontains five resonances
of approximately equal strength. This is consistent with the presence of five FA, four of which are 3-hydroxyalkanoic (the
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spectrum has four C2 resonances of 3-hydroxyalkanoic acids at 42-44 ppm [14, 15]). However, the region of C3 resonances
of 3-hydroxyalkanoic acids-68 ppm [14, 15]) contains three signals (68.7, 68.8, and 68.9 ppm), which suggests the presence
of an acyl substituent on the hydroxyl of one of the four 3-hydroxyalkanoic acids in lipid Afroigrifaciens The presence

of a resonance with CS 35.1 ppm (region of C4 resonance of 3-acyloxyalkanoic acids [14, 15]) agrees well with this hypothesis.

Hydrolysates of lipid A from P. nigrifaciensdid not contain K)-2-unsaturated FA, dehydration products of
3-acyloxyalkanoic acids with ester bonds [16]. This can be taken as indirect proof that a 3-acyloxyalkanoic acid in this lipid
A had an amide bond, which was mentionbdva.

Direct proof of an amide-bonded 3-acyloxyalkanoic acid was obtained by analyzifd thMR spectrum in the
region of C2 resonances of 3-hydroxy-(acyloxy-)alkanoic acids (39-44 ppm). It is known that C2 atoms of amide-bonded
3-hydroxyacids have CS of about 44 ppm [14, 15]. Substitution of the C3 hydroxyl of hydroxyacids with an amide bond shifts
the C2 resonance to strong field by 41 ppm. The presence in the spectrum of lipidFA frigmifaciensof resonances with
CS 43.8 and 41.5 ppm suggests that the amine of one GIcN is substituted by a 3-hydroxyalkanoic acid; the amine of the other,
by a 3-acyloxyalkanoic acid (the lack of a color reaction on treatment of lipid A with ninhydrin indicates that free amines are
absent). The other two 3-hydroxyalkanoic acids have ester bonds (the spectrum of lipid A has two resonances at 42.2 anc
42.8 ppm, the region of C2 resonances of 3-hydroxyalkanoic acids [14, 15]) and are located on C3 afntheC3
glucosaminobiose, the hydroxyls of which, as mentiomede have acyl subrients.

The distribution of FA in the glucosaminobiose was determined more accurately by mass spectrometry. The negative-
ion MALDI/TOF mass spectrum of the monophosphorylated derivative (Table 1) contained series offzeaés ésponding
to penta- (1393.3), tetra- (1195.6 and 1209.5), and triacyl- (1013.4 and 1027.3) forms of lipid A. Peaks for ions within each
series differed from each other by 14 amu, which confirmed the high heterogeneity of the studied lipid A with respect to
3-hydroxyalkanoic acids.

According to the mass spectra, partially deacylated derivatives are formed throcggsse loss of 3-OH-12:0, 12:0,
and another 3-hydroxyalkanoic acid, which is consistent with the ester nature of the bonds of these acids to the disaccharide.
[It is interesting that the diphosphorylated lipid A frémnigrifaciensfragments differently (Table 1). Its tetra- and triacyl
derivatives form through suaessive loss of 12:0 and 3-OH-12:0 acids.]

The negative-ion LSIMS mass spectrum of lipid A (Table 1) contained a peal 816, corresponding to a
disaccharide derivative containing two 3-OH-12:0 acids with amide bonds because cleavage of an amide bond is improbable
under LSIMS conditions.

Analysis of the fragment ion with/z 654 provided important information about the structure of lipid A. It
corresponded to a monosaccharide derivative substituted by two 3-OH-12:0 acids. The method of isolating the studied sample
[treatment of starting diphosphorylated lipid A with HCI (0.1 M) to remove glycoside-bound phosphate] suggests that this ion
should be the nonreducing end of the disaccharide, the phosphate group of which is more stable under acidic conditions. Thus
the nonreducing end of lipid A frof nigrifaciends GIcN phosphorylated at C4 (accordingi6 NMR spectroscopy C2 and
C3 of this GIcN are substituted whereas C6 is unsubstituted) and has two FA.

The three other (of five) FA are located on the reducing end of the disaccharide. The lack of peaks containing 12:0
acid in the LSIMS mass spectrum indicates that this acid is also located on the reducing end of the disaccharide (which is not
recorded under negative-ion mass spectrometry conditions) and acylates an amide-bonded 3-OH-12:0 acid fmvshown a
the studied lipid A does not have acyloxyalkanoic acids with ester bonds).

Based on the results, it was concluded that lipid A fPomigrifaciensis a (-1,6-bonded disaccharide of
D-glucosamine substituted by two phosphoric acids (at C1 afdt@d ester-bondeR-3-hydroxyalkanoic acids (at C3 and
C3), and ondR-3-OH-12:0 and onB-3-dodecanoyloxydodecanoic acid (both amide-bonded 'ar@PC2, respectively) and
has the structure shown in Fig. 1a.

The structure of lipid A from a typical bacterium of the geRssudoalteromona®. haloplanktisATCC 14399, has
been reported [6]. It is similar in structure to lipid A frétnnigrifaciensand is the 1,/4diphosphate of #-1,6-bonded
disaccharide of D-GIcN substituted by five FA, three of which were ester-bonded and two of RvBitlydroxydodecanoic
and R-3-dodecanoylhydroxydodecanoic) were amide-bonded. The positions of the amide-bonded FA (C2foth€2
glucosaminobiose) were not established.
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Fig. 1. Structure of lipids A frorR. nigrifacienslAM 13010" (a),P. haloplanktisATCC
14399 (b), andP. tetraodonis IAM 14160" (c), where R = 3-OH-10:0, 3-OH-11:0,
3-OH-12:0, 3-OH-13:0, 3-OH-14:0, 3-GBB-12:0 (a); R = 3-OH-11:0, 3-OH-12:0,
3-OH-13:0, 3-OHs0-11:0, 3-OHiso-12:0 (b); and R =3-0OH-10:0, 3-OH-11:0, 3-OH-12:0,
3-OH-13:0, 3-OHiso-11:0, 3-OHiso-12:0 (c).

In order to refine the structure of lipid A frofh haloplanktisSATCC 14399, it was treated with HCI (0.1 M). As
mentioned above, such &tenent led to partial dephosphorylation of lipid A through cleavage of the bond between the phosphate
on C1 and the GIcN on which it was located. The negative-ion LSIMS mass spectrum of the resulting compound (Table 1)
contained peaks1(z 626, 640, 654, 668) differing from each other by 14 amu and corresponding to fragments consisting of
one GIcN, one phosphoric acid, and two 3-hydroxyalkanoic acids.

One FA in all four derivatives was 3-OH-12:0. The other was one of the following FA: 3-OHrl0626),
3-OH-11:0 Wz 640), 3-OH-12:0rfVz 654), 3-OH-13:01fVz 668). In addition to the diacyl derivatives, the LSIMS mass
spectrum of the partially dephosphorylated lipid A contained a strong pealk 456 that corresponded to a fragment ion
consisting of one GIcN unit, one phosphoric acid, and one 3-OH-12:0 acid. A fragment ion witfz ttdia be produced by
loss of ester-bonded FA selected from 3-OH-10:0, 3-OH-11:0, and 3-OH-13:0. The 3-OH-12:0 acid is both ester-bonded
(m/z 654) and amide-bondethz 456).

As mentioned above, @ment of lipid A under acidic conditions removes a phosphate from the reducing end of the
disaccharide. Therefore, peaks of phosphorylated fragment ions should belong to the nonreducing end of lipid A from
P. haloplanktiswhich, therefore, contains two of the five FA in it. The other three acyl substituents are located on the reducing
end of the glucosaminobiose. Considering this information, we proposed a refined structure for lipidPAHadoplanktis
(Fig. 1b) that, by comparison with the data presentbedea is identical to the structure of lipid A frdPn nigrifaciens
(Fig. 1a) and contains an amide-bonded 3-dodecanoyloxydodecanoic acid on the reducing end of the disaccharide.

The genu$seudoalteromonascludes a rather large number of microorganisms [17]. In order to understand how
often the lipid A structure described above is encountered in bacteria of this genus, we determined the FA distribwtion in lipi
A from P. tetraodonidAM 14160". Judging from the total chemical analysis of lipid A fl@ntetraodonisit consists of two
GIcN, two phosphoric acids, and five FA. Like the aforementioned lipid A molecules, lipid A from this bacterium species is
highly heterogeneous with respect to the 3-hydroxyalkanoic acids and contains 3-OH-10:0 (7.8%), 3-OH-11:0 (5.3%),
3-0OH-12:0 (31.0%), 3-OH-13:0 (2.1%), 3-Qsb-11:0 (2.7%), and 3-Olit0-12:0 (5.7%) acids.

The negative-ion LSIMS mass spectrum of the monophosphorylatectieei¢Table 1) produced by &enent of
starting lipid A with HCI (0.1 M) was similar to that of lipid A frofh nigrifaciensandP. haloplanktisand contained peaks
for ions corresponding to dir{z 815.3) and mono- (654.2 and 456.3) acyl derivatives. The presence of at least one 3-OH-12:0
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acid in all fragment ions indicates that namely it acylates the amine of both GIcN units whereas the remaining FA, including
the 12:0 acid, are ester-bonded.

The results in general lead to the conclusion that lipid A fPotetraodonisas a structure (Fig. 1c¢) similar to those
of lipid A from the other two bacterium species of the gdPseudoalteromona-igs. 1a and 1b). Furthermore, it can be
assumed that bacteria of the geRasudoalteromonasynthesize lipid A of similar structure based on the disaccharide of GICN
substituted by two phosphoric acids and five FA, two of which (3-hydroxydodecanoic and 3-dodecanoylhydroxydodecanoic) are
amide-bonded (Cand C2, respectively).

EXPERIMENTAL

TLC of lipid A molecules was carried out on Sorbfil alumina plates using @8ELOH:H,O0:NH,OH (conc.)
(5:3.125:0.5:0.25).13C NMR spectra were recorded on a Bruker Avance DRX-500 spectrometer relative to TMS (internal
standard) using CIDD:CDCl;:D,0 (3:2:1). Samples were prepared as before [18].

13C NMR (FA): 14.29 (s, @1), 23.11 (s, @s2), 25.63 (s, C-6), 30.13 (m, C-7—3), 32.40 (C-5), 35.06
(s, C-4, 3-acyloxy acid), 37.56 (m, C-4, 3-hydroxy acids), 41.49 (s, C-2, amide-bonded 3-acyloxy acid), 42.23, 42.79 (s, C-2,
ester-bonded 3-hydroxy acids), 43.84 (s, C-2, amide-bonded 3-hydroxy acid), 68.71, 68.83, 68.95 (s, C-3, 3-hydroxy acids),
71.26 (s, C-3, 3-acyloxy acid), 172.09, 173.03, 173.59, 173.72, 174.93 (s, 'CEMIMR (GIcN): 52.66 (s, C-2), 54.41 (s,
C-2),60.94 (s, C-9, 67.95 (s, C-4), 69.79 (s, C-6), 71.19 (s, C-5), 72.44 ($),dR17 (s, C-3, 73.33 (s, C-3), 75.11 (s, C-

5, 91.79 (s, C-1), 102.09 (s, -1

The total P content was determined by the molybdate method. Amino compounds prepared by hydrolysis of lipid A
by HCI (6 M, 100°C, 24 h) were analyzed on an Alpha Plus LKB 4251 amino-acid analyzer; FA methyl esters prepared by
alkaline hydrolysis of lipids A (6 M NaOH, 100°C, 4 h), using a GC [Shimadzu GC-9 chromatograph, capillary columns
(30 m x 0.25 mm), Supelcowax 10 and SPB-5, -12380°C, 5°C/min] and GC—MS [Hewlett—Packard Model 6890
chromatograph, HP 5 MS capillary column with 5% phenylmethylsiloxane (30 m ul2%00.25puL), Hewlett—Packard
Model 5973 mass spectrometer]. Analyzed samples were introduced by dividing flows in a 1:15 ratio. lonizing electrons had
70 eV energy. The analysis was performed at-1500°C (5°C/min) with He carrier gas. Spectra were recorded in the range
50-550 amu at 2.94 scans/s. An LKB-9000S GC—MS equipped with SE-30 (5%)) columns was used for GC—MS of polyol
acetates.

LSIMS mass spectra were obtained infdtD 604S high-resolution mass spectrometer withiéss of 8 kV energy.
Samples were dissolved in CHGTH;OH (4:1) at 10 mg/mL. Sample (Ofh) was mixed with glycerine (0.AL). The
resulting solution (0.plL) was placed on a metal sample holder and analyzed immediately after drying in a stream of air.

MALDI/TOF mass spectra were obtained in a Bruker Biflex Il mass spectrometer with a nitrogen laser (337 nm).
Samples (10 mg/mL) were dissolved in CRCIH;OH (4:1). An aliquot (1pL) was analyzed usingr-cyano-4-
hydroxycinnamic and/or 8;dihydroxybenzoic acid as tmeatrix. The absolute configuration of GIcN was determined by
GC—MS of its acetylated 2-octylglycoside by the method of Leontein et al. [19]. The angle of rotaligr-§[2° (2.7,

CHCI,)} of the 3-hydroxyacids that were obtained using column chromatography of the free FAs over silica gel [hexane,
hexane:diethylether (2:1 and 1:1), hexane:diethylether:AcOH (1:1:0.1)] was measured on a Perkin—Elmer 141
spectrophotopolarimeter.

Bacteria were grown in medium containing seawater at room temperature. LPS were obtained by the Westphal method
of treatment with hot aqueous phenol [9] and hydrolyzed by acetic acid (1%) at 100°C for 3 h. Precipitates of lipids & produce
during hydrolysis were separated by centrifugation, dissolved in £kM@khed three times with distilled water, dried over
anhydrous NS0, and precipitated by acetone (five times the volume). Monophosphorylated derivatives were prepared by
heating suspensions of lipids A in HCI (0.1 M) for 2 h. lon-exchange chromatography was performed over a column of Servacel
DEAE-52 cellulose [20] (3 mL, elution flow rate 1 mL/min, 3-mL fractions) using GHIH;OH:H,O and
CHCI3:CH;0H:NH,AC (60, 120, 240, 360, and 480 mM) (2:3:1).
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