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ABSTRACT. Mycobacterium phlefstrain Timothy) Mycobacterium smegmatsTCC 19249) is character-

ized by the presence of a family of alkali-labile glycolipids, reminiscent of the trehalose-containing
lipooligosaccharide class of antigens but lacking the nonreducing trehalose core. Through a combination
of methylation analyses!H and 13C NMR, two-dimensional'!H/*H and !H/23C NMR, fast atom
bombardment-mass spectrometry, gas chromatograplags spectrometry, and other analytical techniques,
these new structures were shown to possess three distinct features. Firstly, they contained the pentose
D-lyxose (Lyx), rarely found in biology, but an epimermfarabinose, a key component of the mycobacterial

cell wall arabinogalactan and lipoarabinomannnan. Thus, it was apparent that these glycolipids are the
same as those described by Bisso et al. and attributed with phage receptor properties [Bisso, G., Castelnuovo,
G., Nardelli, M.-G., Orefici, G., Arancia, G., Laalle, G., Asselineau, C., & Asselineau, J. (19B&chemie

58, 87-97]. Secondly, the complex oligosaccharides within the glycolipids contain the repeating units
LyXn(6-O-CHs-Glc)m and Lyx(6-O-CHs-Glc)nMamn, wheren + m equal to approximately 16 glycosyl
residues. Thirdly, thé. phlei glycolipids were found to be heavil@-acylated, such that eveprLyx

residue invariably possesses an acyl function at positidrand, in some instances, at both positier%s

and—4. The chemical characterization of these glycolipids, not feasible 20 years ago, clearly demonstrates
that they are distinct from the type- and species-specific glycopeptidolipids, lipooligosaccharides, phenolic
glycolipids, and the genus-specific phosphatidylinositol-based lipoglycans of mycobacteria. This present
and previous studies begin to define the precise structural requirements responsible for the attachment of
mycobacteriophage to the host cell wall.

Historically, mycobacteriophages have been used mostly of 11—-14% lipid in highly purified particulate preparations
in the pragmatic context of phage typing of isolates of (Mizuguchi, 1984). In this respect, the elucidation of the
Mycobacterium tuberculosigones & White, 1978) and, to  complete sequence of the DNA of the L5 mycobacteriophage
a lesser extent, othdflycobacteriunsp. such addycobac-  (Hatfull & Jacobs, 1994; Hatfull & Sarkis, 1993) was a
terium kansasi(Engel et al., 1980) and thdycobacterium  pioneering event in that important information of complete

aviunm/Mycobacterium intracellulareomplex (Crawford et girycture and assembly of mycobacteriophage and integration
al., 1981). More recently, mycobacteriophages themselves,,q regulation of lysogeny was derived.

or in combination with plasmids (phasmids) have been ] ] ] )
instrumental in the rapid evolution of mycobacterial genetics ~However, the physical identity of mycobacteriophage
(Jacobs et al., 1991). For example, a mycobacteriophage'eceptors, which are most likely to be present on the
that we once induced from a strain Mf avium (Timme & mycobacterial cell surface, probably beyond the mycoly-
Brennan, 1984) has provided the basis of a generation oflarabinogalactarpeptidoglycan complex, has received little
shuttle vectors capable of inserting foreign DNA into attention with the exception of a few isolated reports (Furuchi
mycobacteria (Jacobs et al., 1991). Throughout these efforts & Tokunaga, 1972; Goren et al., 1972; Imaeda & San Blas,
mycobacteriophages have been employed as tools, eithen969; Castelnuovo et al., 1970). For instance, Tokunaga et
genetic or for identification/classification purposes. Until al. (1970) found that ethanekther lipid extracts from
recently, little was known of myCObaCteriOphage structure Mycobacterium Smegma’[wamaﬁca”y inactivated myco-
other than the facts of gross morphology and the presencepacteriophages D4 and D29, both virulent kbrsmegmatis
presumably by adsorption to the mycobacteriophage tail, and
D_*SUDDOfIEleC:_ by Itlhe t"ﬁtionafl Ansﬁitt#t% of 't’\g\?f%sggci ";f%CtBiOUSd these lipid extracts were found not to affect mycobacterioph-
Glrzerl?iel?észazcl)otrc])ae.gi;; '?'?16‘0 wofkaatlr(npre{i?al College we?s sﬁp;péret‘gd ages that Were specific for Oth_er strains Qf mycobacteria.
by an MRC Programme Grant and a Wellcome Trust Grant (030826) Later, in two independent studies, Furuchi and Tokunaga
to AD. and H.R.M. K.-H.K. was a recipient of a Wellcome Prize (1972) and Goren et al. (1972) recognized that the receptor-
Fellowship (036485/2/92/Z) and later a Postdoctoral Fellowship from site substance for mycobacteriophage D4 was the well-

the Heiser Foundation. h : )
* To whom correspondence should be addressed. Telephone: (970)characterized C-mycoside class of antigens, now termed the

49}-8;2?55?& a(t%78)ni‘\1/%%;ilt§15- glycopeptidolipids (GPLSs). At the same time, Castelnuovo
s Imperial College of Science, Technology, and Medicine. et al. (1970) and later Bisso et al. (1976) reported that a
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Mycobacterium phlestrain Timothy (now regarded adwvk served as a source of fatty acids which were methylated and
smegmatiswas found to be highly specific for the inactiva- examined by GC-MS (Besra et al., 1992).

tion of the mycobacteriophage phlei. Their conclusion was

based on the kinetics, specificity, and general characteristicsGlycosyl Composition and Linkage Analysis

of phage inactivation studies supported by electron micros- (a) Alditol Acetates The intact glycolipid, OSE, or

copy and a requirement for calcium ions, properties which prereduced OSE were hydrolyzed in 2 M TFA at 12D

are characteristic of phagdiost cell interaction, suggesting for 2 h as described (Besra et al., 1992). Glycosyl residues
that those _fract|ons Cont_alned the receptor sites of theWere reduced with NaBl, and the resultant alditols p@-
mycobacter!ophagM. phlet More recently_, we (Besra et . acetylated and examined by GC and-©@S (Besra et al.

al., 1994b) investigated the structural basis of phage resis-; gq5y “ e apsolute configurations of the individual glycosy!
tance in .tWO s.ponftaneous phage-resistant mutantsl.of residues were determined by G®IS analysis of trimeth-
smegmatisand implicated the pyruvylated, acylated treha—oIyISinI derivatives of their R)-(—)- and ©)-(+)-octyl gly-

loses (Sf)‘?da; & Ba;!{lour,] 198t3)| mthphage re?stance andeosides which were compared to authentic standards (McNeil
ek o s cr o hare - al. 1987). The OSE preparaion (10 mo) was iy
order to address the nature of the phage inactivation materialprereduceOI using N&Bls to prevent possiblg-elimination

artially characterized by them with the intent of expandin beforeO-trideuteriomethylation using the Hakomori proce-
P y y . : XP 9 dure as described below. The prereduced OSE was sus-
the study of phagehost interactions itMycobacterium

pended in 0.5 mL of dimethyl sulfoxide (Pierce Chemical
Co., Rockford, IL) and 10@&L of 4.8 M dimethy! sulfinyl
carbanion added (Stellner et al., 1973; Hakomori, 1964). The
Growth of M. phlei and Purification of Glycolipids reaction mixture was stirred for 1 ;28! (50 uL) slowly
S N _ added, the suspension stirred overnight, and the resulting
M. phlei strain Timothy (now classified dd. smegmatis  product applied to a  Sep-Pak cartridge as described (York
ATCC 19249) was grown in a medium containing glycerol, et al., 1986; Hakomori, 1964). The resultant @EHs-,
alanine, and salts (Takayama et al., 1975) fed® days at per-O-C?Hy-OSEol was hydrolyzed in 250L of 2 M TFA
37 °C, and the entire suspension was dried at°80in at 120°C for 1 h (Besra et al., 1992). The resulting
CrySta”iZing dishes. The dried material from 20 L of culture hydro]ysate was reduced with N&Hﬁ’ per.o_acety|ated' and
was extracted twice with 800 mL of acetone at room examined by GEMS. In some cases, the peCHs-, per-
temperature, overnight. The .dry acetone-soluble lipid prepa- 0-C2H,-OSEol (3-5 mg) was partially hydrolyzed with 2
rations were resuspended in CHECH;OH (19:1) and M TFA at 70°C for 1 h to generate smaller, partially per-
applied to a column of Sephadex LH-20%230 cm; Sigma  O-CHj-, perO-C?Hz-OSEol fragments. The hydrolysates
Chemical CO., St. LOUiS, MO) Wh|Ch was irrigated W|th 200 were dried, reduced with N&B4, and a|ky|ated with g-|5|
mL of CHClL,—CHsOH (19:1) followed by 200 mL of  (Hakomori, 1964) and the products recovered by chroma-
CHCl;—CH;OH (1:1). The CHG—CH;OH fractions were  tography on a G Sep-Pak cartridge as described (York et
evaporated to dryness and both redissolved and partitionedy) | 1986). The mixture of peB-alkylated oligoglycosyl
within the aqueous and organic phases arising from a mixture g|ditols was dissolved in aqueous 30% Ol and injected
of equal parts of petroleurrether and 87% aqueous ethanol onto a 0.4x 25 cm Hibar RP-18 reversed phase column
(Bisso et al., 1976). The aqueous ethanol phase was driedEm Science, Gibbstown, NJ) connected to a Beckman
to afford 90 mg of partially purified glycolipids. Model 110A HPLC column (Beckman, San Raman, CA).
The solvent gradient was as follows: 1 min with 30%
aqueous CECN followed by a gradient to 65% aqueous £H

The preparation of glycolipids (70 mg) was dissolved in CN over 40 min and, finally, a gradient from 65 to 85%
CHCl;—CHsOH (2:1) (7 mL), treated with an equal volume ~adueous CkCN in a 10 min period. The flow rate was 1
of 0.2 N NaOH in CHOH at 37°C for 1 h (Hunter et al., m!_/mln, an.d 1ml fractlons were collected_. Fractions were
1983), neutralized with acetic acid, evaporated to dryness, dried and dissolved in 1Q4L of acetone and injected directly
and partitioned between CHCind HO, and the CHGI ~ onto the GC-MS.
phase was back-washed twice withG4 The combined (b) Aldononitrile Dervatives. The purified glycolipid or
aqueous phases which contained the neutral oligosaccharidethe OSE arising from it were hydrolyzed in 2 M TFA at
(OSE) arising from the glycolipid were subsequently desalted 120 °C for 2 h (Besra et al., 1992). The resultant reaction
using a column of Bio-Gel P-2 (¥ 100 cm, 206-400 mesh; mixture was dried and redissolved in 200 of anhydrous
Bio-Rad Laboratories, Richmond, CA) in,8. Fractions  methanol containing 1 mg of dry hydroxylamine hydrochlo-
(1 mL) were collected and assayed for carbohydrate (Duboisride and 2.5 mg of dry sodium acetate. The mixture was
et al., 1956). The organic phase from the above separationsubsequently heated at 6C for 1 h, dried, and pe®-

acetylated, and the resultant aldononitrile acetates were

! Abbreviations: LOS, lipooligosaccharide; GPL, glycopeptidolipid; examined by GC and GEMS (Pfaffenberger et al., 1976;
OSE, oligosaccharide(s) derived from the glycolipids; OSEol, the Besra et al., 1992).
reduced OSE, i.e., oligosaccharide alditol; Glc, glucose; Man, mannose;

Lyx, lyxose; Lyxol, lyxitol; p, pyranosyl; GC, gas chromatography; Location of Acyl Residues on Intact Glycolipid
GC—-MS, gas chromatograpkymass spectrometry; TLC, thin-layer

chromatography; HPLC, high-performance liquid chromatography;  In order to establish the location of acyl functions on the

NMR, nuclear magnetic resonance; 2D COSY, two-dimensional A ; ; fai 5
chemical shift correlated spectroscoly; coupling constant; FAB/ oligosaccharide backbone, the native glycolipid was sub

MS, fast atom bombardment-mass spectrometry; TFA, trifluoroacetic Jected to the neutral alkylating conditions of Prehm (1980)
acid; tg, retention time. as follows. The glycolipid (2 mg) was resuspended in 200

MATERIALS AND METHODS

Deacylation of M. phlei Glycolipids
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uL of trimethyl phosphate, underJNand 30uL of 2,6-di- 1 Aldononitrile
tert-butylpyridine and 25«L of methyl trifluoromethane- l Acetates
sulfonate were added. The mixture was stirred at room
temperature for 5 h, following which 1 mL of water was
added. The mixture was applied to aSep-Pak cartridge
which was eluted successively with,®, CHCN, and
ethanol. The ethanol eluate was dried to yield the naturally
acylated,O-methylated glycolipid which was subjected to
acid hydrolysis using 250L of 2 M TFA at 120°C for 2

h (Besra et al., 1992). The resulting hydrolysate was reduced
with NaB?H,, per-O-acetylated, and examined by G®IS.

Detector Response

Lyx
6MeGilc
IS

Man

Fast Atom Bombardment-Mass Spectrometry (FAB-MS) 1 LA

Analyses | , , ,
12 15 18 21

The OSE was partially hydrolyzed with 2 M TFA for 30 Time (min)
min at 80°C and then peG-deuterioacetylated with pyn- Ficure 1: GC profile of the aldononitrile acetates derived from

dine-AO-ds (1:1, v:v) at 80°C for 2 h for FAB-MS  he OSE of the. phlei glycolipid. The identities of the glycosyl
analysis. Time-course methanolysis/FAB-MS on @er-  residues were established by cochromatography with authentic

deuteriomethylated OSE was performed as described by Dellstandards. Experimental conditions are described in the text.
et al. (1994). Aliquots were taken prior to heating and after _
1 min of incubation at 60°C. FAB-MS spectra were 2queous ethanol. The resulting aqueous ethanol phase was
acquired using a VG Analytical High-Field ZAB-HF mass dried according to the published procedures of Bisso et al.
spectrometer fitted with an M-scan gun operated at 10 kv (1976) to affordca. 90 mg of purifiedM. phlei glycolipid.

or a ZAB-2SE FPD mass spectrometer fitted with a cesium HOWever, when subjected to TLC, the products resulted in
gun operated at 2025 kV. Spectra obtained on the former 2 streaked, nondescript profile, suggesting that these gly-
instrument were recorded on oscillographic chart paper andC0lipids were extremely labile and degraded upon silica gel

manually counted. Data acquisition and processing on the TLC- Treatment of the partially purified glycolipids with

latter instrument were performed using the VG Analytical 0-2 N NaOH and subsequent TLC demonstrated that they

Opus software. The matrix used was thioglycerol, and Were degraded and, hence, were glkall-labne, similar in th!s

samples were dissolved in methanol for loading onto the "€SPect to the LOS class of antigens from mycobacteria

target. (Hunter et al., 1983; Besra et al., 1994a). The water-soluble
OSE produced by deacylation were desalted using a column

Other Analytical Procedures of Bio-Gel P-2 to afford approximately 15 mg of OSE from

. ) ) 70 mg of the purified glycolipids.

GC of aldononltrllg acetates, alditol aceta'ges, and partially Glycosyl Composition. Sugar analysis was conducted
perO-alkylated, partially pe@-acetylated alditols was con- rimarily on the aldononitrile acetates (Pfaffenberger et al.,
ducted on a DB-23 capillary column as described (Besra et 1976), since reduction af-arabinose ana-lyxose yields
al,, 1992). GE-MS analyses were performed on a Hewlett- o same pentitol: i.en-arabinitol is the same compound
Packard 5890A gas chromatograph connected to a Hewlett-,¢ p-lyxitol.

Packard 5970 mass selector detector using a 12 m HP-1 114 glycolipid preparation and the prereduced OSE were
I1-|ewlett1—P?ckard column (Besra et al., 1992). Roulile  pyqrolyzed with 2 M TFA and the aldononitrile acetates
°C, 2D*H/C, and 2D COSEY NMR spectra were recorded hrenared and subjected to GC with authentic standards. The
on a Bruker ACE-300 mstrument at the Colorado 'S.tate sugars were identified as Lyt(14.7 min), 6MeGlcig 17.2
University Department of Ch_emls_try Instrument Faqlhty. min), and Man { 18.7 min) in the approximate molar ratio
Spectra for the OSE were obtainectO at a concentration o572 4:1 (Figure 1). The observation of nonstoichmetric
of 15 mg ber 0.5 mL ofH;0, before and after exchanging 4 mounts of the above glycosyl residues suggested, firstly,
protons with*H0. that theM. phlei glycolipid preparation consisted of acylated
RESULTS oligosacccharides and, secondly, that in the absence of
monomeric glucose, they are probably not based on the well-

Isolation of the M. phlei Glycolipid. Mphlei strain established trehalose-containing LOS antigens of mycobac-
Timothy (ATCC 19249) was grown under the conditions in teria (Besra et al., 1994a).
everyday use foM. smegmatiggrowth (Takayama et al., Confirmation of the identities of these glycosyl residues,
1975). When approximately 180 g of dried cells was in particular, 6MeGlcih/z259, 184, 139, and 115) and Man,
extracted with acetone, they yielded 3.6 g of acetone-solublewas obtained by GC and GC-MS of alditol acetates. The
lipids which was further subjected to size-exclusion chro- enantiomeric configurations of all of the glycosyl residues
matography on columns of Sephadex LH-20 irrigated with was established by comparative GMS analyses with the
CHCI;—CHsOH (19:1) followed by CHG—CH;OH (1:1) standard trimethylsilylated§-(+)- and ®)-(—)-octyl gly-
(Besra et al., 1992, 1994a). Fractions were collected andcosides ofb-Lyx, 6Me-D-Glc, andp-Man (McNeil et al.,
samples were subjected to TLC in CHECH;OH—-H0 1989). The latter derivatives cochromatographed exclusively
(65:25:4) followed by spraying witho-naphthol-HSO, with the trimethylsilyl derivatives of theR)-(—)-octylgly-
(Besra et al., 1992, 1994a) to identify glycolipid-containing cosides prepared from thHd. phlei glycolipid (results not
fractions. Positive fractions were combined, dried, and shown). Thus, it was established that this unique glycolipid
resuspended in equal parts of petroletgther and 87%  from M. phlei containedb-Lyx, 6Me-D-Glc, andb-Man.
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Table 1: Glycosyl Linkage Analysis of P€-CH;-OSE from theM. phleP Glycolipidst

abbreviated name of the

structure of theD-Ac-O-C?Hz-O-CH; alditol identified by GC-MS tr (Min)° glycosyl residue and linkage pattérn % composition
1,5-di-0-Ac-2,3,4-tri-O-C?Hz-lyxitol 5.79 tD-Lyxp 54
1,3,5-tri-0-Ac-2,4-di-O-C?Hs-lyxitol 6.38 —3)-D-Lyxp 61.4
1,5-di-0-Ac-2,3,4-tri-O-C?H3-6-O-CHs-glucitol 6.60 t-60-CHjs-D-Glcp 30
1,5-di-0-Ac-2,3,4,6-tetra@-C?Hs-mannitol 6.60 te-Manp ’
1,3,5-tri-0-Ac-2,4-di-O-C?H3-6-O-CHs-glucitol 7.21 —3)-6-O-CHs-D-Glcp 195
1,3,5-tri-0-Ac-2,4,6-tri-O-C?Hz-mannitol 7.28 —3)-b-Manp 10.7

2 See also Figure 2. The prereduced OSE mixture was f@trideuteriomethylated with €13l (Hakomori, 1964). The resulting p&-C?Hs,
per-O-CH;-OSEs were hydrolyzed, reduced with N&B, perO-acetylated, and examined by G®IS. ¢ GC—MS analyses were performed as
described in Materials and Methodd. = terminal; the—3) designation means that the OHs at the C-3 positions of the corresponding glycosyl
residues were originally linked to another glycosyl unit.

3-Lyxp
\

3-6MeGlcp
/
t-6MeGlcp

__3-Manp

Abundance

Abundance

t-Manp
/
L B . B S S B B S S S S
4.0 50 6.0 7.0 8.0 9.0
Time (min)
FIGURE 2: GC of the alditol acetates derived from the application N ' 70
of base-catalyzed p&»-methylation to the OSE from thd. phlei Time (min)

glycolipid. t= terminal, and the 3- designation means that the OHs
at the C-3 positions of the corresponding glycosyl residues were FIGURE 3: GC of the alditol acetates derived from the application
originally linked to another glycosyl unit (see Table 1). of neutral methylation to the intabt. phleiglycolipid. Experimental
) . . ) conditions are described in the text=tterminal, and the 2-, 3-,
Glycosyl Linkage Analysis and Location of Acyl Functions. and 4- designations mean that the OHs at those positions of the

The positions of glycosyl linkages and fatty acyl substituents glycosyl residue were originally linked to another glycosyl unit or,
were determined by analyzing the alditol acetate patterns afterin fact, O-acylated (see Table 2).
various forms of alkylations. The base-solubilized OSE backbone were determined by the mild (neutral) methylation
mixture was prereduced and furth@+trideuteriomethylated  procedure of Prehm (1980), a modification of that of Arnarp
using the base-catalyzed method of Hakomori (Hakomori, et al. (1975). The resulting naturali@-acylated, pe©-
1964, Stellner et al., 1973), firstly, to determine the ring form methylated glycolipids were hydrolyzed with 2 M TFA,
and, secondly, the glycosyl linkage pattern. The resultant reduced with NaBH,, and perO-acetylated and subjected
per-O-CHjs, perO-C?H;-OSEs were hydrolyzed with 2 M to GC-MS (Figure 3). Accordingly, the existence of the
TFA, reduced with NaBH,, and per©-acetylated (Besra et  following glycosyl residues (Table 2) was clearly estab-
al., 1992). GC-MS of the resulting alditol acetates (Table lished: t-Lyxp with an acyl substituent at position 2,
1 and Figure 2) revealed the presence of three terminalnonsubstituted t-hexose (either 6Meftr Marp), 3-linked
glycosyl residues, t-Lyp, i.e., 1,5-diO-CH;CO-2,3,4-triO- Lyxp with an acyl substituent at position 2, 3-linked hexose
C?HsLyx[1-°H]ol (m/z 215, 214, 168, 167, andl108), (either 6MeGlp or Marp), 3-linked Lyxp acylated at
t-6MeGla, i.e., 1,5-diO-CH;CO-2,3,4-tri0-C?H3-6-O-CHs- positions—2 and—4, and 3-linked hexose (either 6Me@lIc
Glc[1-%H]ol (mVz 215, 211, 168, 164, 132, 130, and 108), or Marp) with an acyl substituent at either positier2 or
and t-Marp, with the latter two residues coeluting and the —4. The approach, however, failed to establish clearly which
t-Manp residue identified by the characteristic ioniz 167. of the two hexoses, 6MeQimr Mamp, wasO-acylated. In
In addition, three other glycosyl residues were clearly present, general, the above detailed chemical analysis did demonstrate
3-linked Lyxp, i.e., 1,3,5-tri©-CH;CO-2,4-diO-C?H3Lyx- that the glycolipids are heavil@-acylated, illustrated by the
[1-2H]ol (m/z 240, 239, 180, 179, 121, and 120), 3-linked fact that every single Lyx residue within the polymer is
6MeGl, i.e., 1,3,5-triO-CH;CO-2,4-diO-C?Hs-6-O-CHs- substituted at positior-2 and, in some instances, at both
Glc[1-H]ol, and 3-linked Map, i.e., 1,3,5-triO-CH;CO- positions—2 and—4.
2,4,6-tri-0-C?HzMan[1-H]ol (m/z 285, 240, 220, 167, 132, High-Resolution NMR AnalysisThe *H NMR spectrum
240, and 121). Thus, the glycosyl linkage analysis suggests(Table 3) of the deacylated glycolipid reflected the expected
that the OSE backbone of the glycolipids is 3-linked with complexity indicated earlier by the glycosyl and linkage
the heterogeneity in size and linkage, implicated from the analyses. Specifically, the anomeric region betwéeh4
earlier glycosyl compositional analysis, being further sub- and 5.2 contained five resonances with an integral value of
stantiated. eight protons. The two upfield resonances, each integrating
The fatty acids derived from the deacylation of the for one proton and appearing as a pair of doublets centered
glycolipids were methylated and examined by -&@S ato 4.50 with aJ; ;> coupling constant of 7.9 Hz, were readily
(Ryhage & Stenhagen, 1963) as described previously (Hunterassigned to the two ©-Me-5-p-Glcp residues. Additionally,
et al.,, 1983). Cochromatography (Ryhage & Stenhagen,the singlet (6H) ad 3.29 was assigned to tl@-CHs group
1963) helped identify the fatty acids as follows;e 4%; of these residues. ThBC NMR (Table 3) of the OSE
Ci6:1, 36%; Gs.o, 18%; Gs.1, 20%; and tuberculostearic acid, mixture revealed six anomeric carbon resonances with two
22%. The location of these acyl functions on the OSE of these signals overlapping. Subsequently, #D'3C
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Table 2: Location of Acyl Functions within thiel. phleP Glycolipid?

structure of the tr abbreviated name of the location of

O-Ac-O-CH; alditol identified by GCG-MS®  (min) m/zvalues glycosyl residue and linkage pattérn the acyl group
1,2,5-tri-0-Ac-3,4-di-O-CHs-lyxitol 6.17 190, 130, 117 —2)-D-Lyxp 2
1,5-di-0-Ac-2,3,4,6-tetra@-CHjz-glucitol 6.46 205, 162, 145, 118, 102 tB-CHz-D-Glcp —

and/or
1,5-di-0-Ac-2,3,4,6-tetrad-CHs-mannitol 6.46 te-Manp -
1,2,3,5-tetrad-Ac-4-O-CHgs-lyxitol 6.69 262, 202, 117 —2,—~3)-D-Lyxp 2
1,3,5-tri-0-Ac-2,4,6-tri-O-CHs-glucitol 7.06 234,202, 161, 129, 118 —3)-D-6-0O-CHs-Glcp -

and/or
1,3,5-tri-0-Ac-2,4,6-tri-O-CHz-mannitol 7.06 —3)-D-Manp -
1,2,3,4,5-pent®-Ac-lyxitol 7.10 290, 289, 218, 217, 188, —2—~3—~4)D-Lyxp 2and 4

187, 146, 145, 116,115

1,3,4,5-tetrad-Ac-2,6-di-O-CHs-glucitol 7.56 305, 185, 118 —3,—4)-6-O-CH;-D-Glcp 4

and/or
1,3,4,5-tetra@-Ac-2,6-di-O-CHz-mannitol 7.56 —3,—4)-D-Manp 4
1,2,3,5-tetrad-Ac-4,6-di-O-CHs-glucitol 7.64 262,161, 129 —2,—3)-6-O-CHs;-D-Glcp 2

and/or
1,2,3,5-tetrad-Ac-2,4-di-O-CHs-mannitol 7.64 —2,—~3)-D-Manp 2

aSee Figure 3° The M. phlei OSE was pe@-methylated according to the procedure of Prehm (1980), and the resultir@®@ek-OSE was
hydrolyzed, reduced with N&Bl,, perO-acetylated, and examined by G®S. ¢ GC—MS analyses were performed as described in Materials and
Methods.?t = terminal; the—2,—~3,—4) designation means that the OHs at those positions of the glycosyl residue were originally linked to
another glycosyl unit or, in facD-acylated.? A comparison of the linkage pattern obtained through Prehm methylation (Table 2) and Hakomori
methylation (Table 1) allowed the location of acyl groups within thephlei LOS to be deduced.

. H. H CH,0H
Table 3: Assignment of Anomerit4 and3C Resonances and CH,0CH, >

1J[13CH]Coupling Constants of th&l. phlei OSE o 0 oL ° N
13C (ppm) H (9) J[*3CH] (Hz) assignment A * o HO o "o
104.2 4.50 162 60-CHa-B-D-Glcp I8
104.7 5.05 170 o-D-Lyxpe o
103.6 4.56 162 60-CHs--D-Glcp i) C[*HI,!
101.3 4.70 162 B-D-Lyx/ B-p-Manp®
101.0 4.72 162 B-D-Lyx/B-p-Manp* ,
100.8 471 160 B-b-Lyx/B-p-Manp? CHa0CH; Cre0CIH),

0, o] (0] 0] O O— R
a3], , coupling constant= 7.9 Hz.? These resonances were about oR )@ @
twice the area of the others and probably resulted from two residues. ’
¢The %C and!H NMR analyses applied on the intact OSE were (*H),CO (*HL,CO (*H),CO

consistent with this resonance being assigned to edheiLyxp or OC[?H], i) H*
o-D-Manp, but further analysis of fragmented oligoglycosyl alditols l ii) NaB[2H],1
(see below) revealed that the-residue wasp-Lxyp. @ The exact

- iii) CoHsI
assignment t@-p-Lxyp versusf-p-Manp was not deduced. o

-CoH50H 2H
193 (aA,) <——— 239 (aA,). |

correlation in the C/H coupled mode allowed thig=CH] AN Hjoces
coupling constants of all resonances to be measured (Table CH,0CH; | cHo00pH),  [HLCOCH

3). The anomeric protons of the two@Me-3-b-Glcp N SN
described earlier were found to correlate to the anomeric OCzHs /) ﬂ (HILCO )| | HooCIH),
carbons at 104.2 and 103.6 ppm with an expeéif'dCH] [?H1,CO | o) p o H(lIOCsz
coupling constant of 162 Hz. The remaining proton and OC(?H), lszoany” L
carbon anomeric resonances were only tentatively assigned } ™\ 276 (alay)
after 2D *H/®C NMR (Table 3). In summary, the NMR | 272 (aldly)
data revealed a complex mixture of OSEs consisting of at N -C{2H},0H
least eight chemically distinct glycosyl residues. The 439 {02i0) (ot seen) ———- 40¢
6MeGI@ and all but two of the MaplLyxp residues were a b ald

in the 5-configuration, while the remaining two MpfLyxp —# 3)-6-0-MeGlop-(1 —= 3)-Manp-(1 —= 3)Lyxol

residues werax. The degradative chemical analyses dis- Ficure4: lllustration of the sequence of reactions used to produce
cussed later, in fact, demonstrated that the lLyssidues compound 6 (Table 4). The hydrolytic conditions resulted in random
wereo and the Map residues were indeg@l In addition cleavage of the peD-trideuteriomethylated polymer, resulting in

. . . the production of all of the products, plus others, described in Table
information provided through FAB-MS analyses clearly 4 “aiso illustrated are the mass spectral fragment ions and the

demonstrated that the glycolipid preparation is composed of nomenclature (Kochetkov & Chizhov, 1966) used in Table 4. R
a mixture of complex oligosaccharides. and R are other glycosyl residues.

Partial Depolymerization of the OSEn order to deter-
mine the sequence of sugars in the OSE, the product wag(1—3)Man(1=3)Lyx in Figure 4. Since the alkylation
O-trideuteriomethylated, partially hydrolyzed, reduced, and sequence resulted in all three residues having a different
O-ethylated, and the resulting mixture of compounds was molecular weight, as determined by MS, the resulting
separated by HPLC and analyzed by -@@S. This series  fragments were readily identified through their diagnostic
of reactions is illustrated in the context of the formation of cleavage ions as presented in Table 4. Thus, it was evident
the per©O-alkylated diglycosyl alditol “trimer” 6MeGlc- that the 6MeGIc was glycosidically linked to either a Man



Lyxose-Containing Glycolipids of Mycobacteria Biochemistry, Vol. 35, No. 36, 19961817

Table 4: Identification of PartiallyD-Ethylated,O-Methylated, PartiallyO-Trideuteriomethylated Oligoglycosy! Alditols

HPLC GC
fragment tg(min) tg (mMin) structure EI/M3

1 15 6.36 —3)Lyxp-(1—3)-6MeGlcoP 149 (ahy), 195 (aA), 270 (aldd), 344 (aldd)

2 17 14.18 —3)Lyxp-(1—3)-6MeGIp(1—3)-lyxol 149 (aA), 195 (aA), 405 (baA), 226 (aldg),
401 (baldg-C?HsOH)

3 17 14.69 —3)Lyxp-(1—3)-6MeGIg(1—3)-Manol 149 (aA), 195 (aA), 405 (baA), 370 (baA),
448 (baldgd-C?HsOH), 273 (aldd), 319 (aldd)

4 18 6.88 —3)6MeGIqp(1—3)Lyxol 239 (aA), 193 (aA), 226 (aldd), 300 (aldd)

5 18 7.57 —3)6MeGlgp(1—3)Manol 239 (aA), 193 (aA), 273 (aldd), 347 (aldd)

6 18 13.95 —3)6MeGIgp(1—3)Marp(1—3)Lyxol 239 (aA), 193 (aA), 226 (aldd), 272 (aldd), 452 (baA),
404 (baldg-C?HsOH)

7 18 20.13 —3)Lxyp(1—3)6MeGlp(1—3)Mamp(1—3)Lyxol 149 (aA), 195 (aA), 405 (baA), 617 (cbaA), 226 (aldd),
485 (caldd), 439 (caldd), 404 (caldd-C?H;OH),
614 (bcaldg-C?HzOH)

2 See Kochetkov and Chizhov (1966) and Figure 4 for interpretation and nomenclature used®in-B)&xyp(1—3)6MeGlcol= 3—0-ethyl-
2,4-bisO-trideuteriomethyl)Lyxopyranosyl{+3)6-O-methyl-2,4-bisQ-trideuteriomethyl)-1,5-dB-ethylglucitol. Other compounds are identified
analogously.

(fragments 3, 5, and 7) or a Lyx (fragments 2 and 4). In olLyx-6MeGlcLyx-SLyx, where the residue immediately
either case, a Lyx was attached to the 3 position of the precedingalLyx is SLyx in both instances. TherLyx-
6MeGilc (see fragments-13 and 7 in Table 4). In addition, 6MeGlcLyx-SLyx sequence would readily yield the trisac-
'H NMR analyses of fragments 2 and 3 demonstrated that charidealLyx-6MeGlc-5Lyx upon hydrolysis of the labile
thesep-Lyxp residues were in the-configuration. These  SLyx—fLyx bond, whereas hydrolysis of othgrlinkages
results also allowed recognition of the fact that Mephlei would give rise toalLyx-6MeGlc-Man andalLyx-6MeGlc,
glycolipid contained a tetrasaccharige3)-a-b-Lyxp(1—3)- the latter being the only major disaccharide observed.
6-O-Me-3-pD-Glcp(1—3)-3-p-Manp(1—3)-6-b-Lyxp, and a Further, a linear stretch ofiLyx-6MeGlc-MangfLyx-aLyx-
trisaccharide;~3)-0-D-Lyxp(1—3)-6-O-CHs--D-Glcp(1—3)- 6MeGlcLyx-SLyx), or (aLyx-6MeGlcLyx-SLyx-oLyx-
B-D-Lyxp. To determine how these two oligosaccharides 6MeGlc-MangLyx), could yield Lyx6MeGlc but not
are arranged in the intact OSE required analysis of much Lyxs6MeGlc on the basis that the-Lyxp linkage is
larger fragments by FAB-MS. relatively resistant to mild acid. The larger OSEs observed,
FAB-MS Analysis of the Partially Depolymerized Gly- i.e., Lyx6MeGlaMam, Lyx:6MeGlgMar, and Lyx-
colipid: Evidence for a Two-Tetrasaccharide Repedihe 6MeGlgMany, are also consistent with this interpretation.
occurrence ob-Lyxp, 6-O-Me-3-b-Glcp, and Mam in an The absence of LygMeGIlgMan, which would necessarily
approximate 5.7:2.4:1 ratio in a total of eight distinct contain asLyx-SLyx sequence, conforms to the argument
chemical environments as defined by NMR studies was that SLyx-BLyx is most readily hydrolyzed and will thus
indicative of regular repeating sequences in an oligosaccha-not be observed as a major product, justiagx-6MeGlc-
ride larger than eight glycosyl residues. Also, there were, SLyx is more prominent thalLyx-6MeGIlcALyx-BLyx.
on average, a chemically similar pair@f-Lyxp, 5-b-Lyxp, Further Evidence for a Two-Tetrasaccharide Repedo
and 60-Me-3-b-Glcp plus anothef-b-Man andf-b-Lyx find further data in support of a linear arrangement of two
in distinctive environments as deduced from the NMR data. tetrasaccharides, the OSE was petrideuteriomethylated,
The detailed characterization of the partial hydrolysates of subjected to time-course methanolysis, and monitored by
the perO-alkylated OSE led to the identification of3)- FAB-MS directly. All of the major ions observed after 1
Lyx(a1—3)6MeGlc31—3)Man(31—3)Lyx(81— and—3)- min of heating at 60C (Table 5) correspond to [M- NH,]*
Lyx(a1—3)6MeGlc31—3)Lyx(81— as two distinct se-  and [M + Na]* of methyl glycosides containing one free
quences in the OSE. With the apparent “shortage” of one OH group, consistent with a 3-linked linear oligosaccharide
B-Lyx residue, these two sequences together would otherwisewith no other branching point. Although the low-mass
account for all of the eight distinct residues identified. region was dominated by matrix signals, it is clear that, as
Significantly, the inability to recover Lyxoligomers sug-  with the mild acid hydrolysis, the only disaccharide observed
gested that #-Lyxp linkage may be particularly labile to  was Lyx6MeGlg; no Lyx, was present. Likewise, the major
acid hydrolysis, especially when linked to another Lyx. products were Ly»6MeGla, Lyxs6MeGlg, and Lyx-
Direct FAB-MS analysis of the pab-deuterioacetylated  6MeGlcMan. A much smaller amount of LyMeGlg-
mild acid hydrolysates of the OSE mixture afforded major Mamn, was also produced. Signals corresponding to methyl
molecular ion signals corresponding to LyxMeGlg, glycosides larger than a tetramer may be seen as belonging
Lyx;-36MeGlgMany, and Lyx s6MeGloMan with the di-, to two series: Lyy6MeGlg, and Lyx,6MeGlgMan,. In the
tri-, and tetrasaccharides dominating the spectrum (data notformer series, which is in greater abundance than the latter
shown). The two tetrasaccharides recovered correspond tcseries, the presence of ions such asgbieGlg and Lyx-
Lyx;6MeGlg and Lyx6MeGlgMam. On the assumption = 6MeGlg indicated that the OSE cannot be a simple polymer
that (i) the singlea-Lyxp linkage is more stable than all  of (aLyx-6MeGlc-MangLyx-oLyx-6MeGlcSLyx-BLyX)n.
otherg-pyranosyl linkages and (i) the Ly&(—3)Lyx bond A possible stretch of linear sequence which would yield both
is particularly susceptible to acid hydrolysis and taking into series of ions upon parital methanolysis is drawn in Figure
consideration the two complete sequences defined above, it5, on the basis of the same assumption discussed above; i.e,
is probable that the OSE mixture is comprised of two the singlea-Lyxp linkage is more stable than all other
dominating sequences aiLyx-6MeGlc-ManfLyx and p-pyranosyl linkages.
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«1 >
«—2—>
«—3—>
{ -oLyx--6MeGilc- ||-BLyx-|-BLyx- I-aLyx--sMeGic~| -BLyx- FuLyx--GMeGIc-l -BLyx-|-BLyx- [»(xLyx--SMeGlol -BLyx- |-BLyx- ]—
«a > "
“—5—mMmM8MM>

‘(—6 >

|Lyxn6MeGlcmMan1 l ILyanMeGlcm |

Lyx1-46MeGlc1Mani Lyx3.76MeGlc2Man{ Lyxg-106MeGlczMan+ Lyx1-56MeGlc1 Lyx4-g6MeGlc2 Lyx7-116MeGic3

4 Lyx2.46MeGiciMany  Lyxs.76MeGlcoMany  Lyxg.106MeGlcaMang 1 Lyxo-46MeGlcq Lyxs-76MeGlc2  Lyxg.106MeGlc3
5 Lyxq-26MeGlciMany Lyx3.s6MeGlcoMany  Lyxs.g6MeGiczMan4 2 Lyx1-36MeGict Lyx4.66MeGlc2  Lyx7-g6MeGic3
6 Lyx2.36MeGlciMany Lyx4.66MeGlcoMany  Lyx7.9g6MeGiczgMany 3 Lyx3.56MeGlcq Lyxs-g6MeGico Lyxg6MeGic3

FIGURE 5: Simplest repeating unit sequence of OSE which will accommodate all the data presented. A 16-mer is proposed to comprise the
tetrasaccharidegLyx6MeGIcSLyxSLyx and aLyx6MeGlcMarfLyx in 3:1 ratio. In this model, thg-linkages are proposed to be more
susceptible to partial hydrolysis (indicated by vertical lines) tharodbyx6MeGlc unit (boxed). All possible combinations of LyMeHex;,

and LyxMeHexHex; which would be produced from this repeating 16-mer sequence can be inferred from the cleavages represented by
1-6 as listed in the figure. The relative abundance of the ions observed in FAB-MS analysis is in good agreement with the theoretical

number of alternative ways in which a particular ion can be produced. Accordingly, ion composition excluded by this model was not
observed.

Table 5: Major Molecular lon Signdi©Observed in the Spectrum thus indicate that the OSE is probably comprised of a mixture
of the Mild Methanolysates of Pé-trideuteriomethylated OSE of both the octamer and 16-mer units.
. Lyx.MeGlcy ser.i(?:‘s LyxMeGlc,Man,- .sgries DISCUSSION

Size m'z composition m'z composition
dimer 426  Lyx6MeGlg - Some 20 years ago, strong phylogenetic evidence dictated
trimer 592  Lyx6MeGlg 639  Lyxi6MeGlgMany that all strains oM. phlei(the Timothy gross bacillus) should
g-mer ggg t‘“gmeglq ggi tyngmeg:clmam be classified aM. smegmatigHendren, 1975). Indeed, the
mer ot yeNeEl e L&GMEG@MZQ organismM. phlei ATCC 356 that was the source of the
7-mer 1300 Lyx6MeGle 1347  Lyx6MeGleMany pioneering work on the acidic &-methylb-glucose-
8-mer 1466 Lyx6MeGle 1513  Lyx6MeGloMam containing lipopolysaccharide (MGLP), which bears similari-
ibmn‘:;r 1632 Lyx6MeGle iggg 'Ey%gmgglzmgg ties to the present-lyxose-containing lipooligosaccharide,

- —_— y)% . . .
11-mer 2008 Lyw$MeGls 2055  Lyx6MeGlaMan, was later classified al§l. smegmatiATCC 356 _(Ma|tra &
12-mer 2174  Ly¥6MeGlg 2221  Lyw6MeGlMany Ballou, 1977). Ygt we have not fpund any ew_dence of the
13-mer - presence ob-Lyx in M. smegmatisnc?155 (derived from
14-mer

- | | ATCC 607), the strain commonly used in modern-day genetic
15-me.r 2716_ "_yﬁGMeGQ‘ 2763 LyxcsMeGleMary and biochemical work, or in other common strains\of
2As illustrated in Figure 5, the 5-, 6-, 9-, 10-, 13-, and 14-mers for smegmatis For that reason, we have retained the old species

both series, which are more restricted in the way they can be produced,name‘ Nevertheless, in view of the difficulty of distinguish-
were expected to be of low abundance, although some of them could.

be readily detected as very minor signals except the 13- and 14-mers.INd D-LyX from p-Ara (see Results), the possibility of a wider
b All ions tabulated correspond to [M NH4]* of the methyl glycosides  distribution ofb-Lyx in Mycobacteriunshould be examined.
of Lyx,MeGle,Many containing a free hydroxyl group as a conse-  The jmpetus for the present study was the report 20 years
ggggffegffgeﬂ‘sgﬂgsf' [M-NaJ" at 5 mass units higher was also 544 from the Asselineau laboratory (Bisso et al., 1976) of a
' glycolipid which inactivated the phagd. phlei and was
Although other more complicated, nonrepeating sequencesconsidered the receptor site M. phlei for the phage. In
could also yield the ions observed, the proposed 16-merthis study, we have not attempted to address the exact
sequence represents the simplest one which would stillmolecular structure within the glycolipid molecule respon-
accommodate all the data presented here. It is also conceivSible for phage attachment; Bisso et al. (1976) thought that
able that, while this 16-mer constitutes the major portion of acetal-linked oxaloacetates on the molecule were directly
the OSE, a minor stretch of a simple octamer repeed gk- responsible for phage attachment, although the evidence was
6MeGIcALyx-BLyx-oLyx-6MeGlc-MangLyx or a tetramer ~ Weak. Before addressing this question, we first better defined
repeat ofaLyx-6MeGlcLyx-BLyx may also be present the molecule itself.
either within the same molecule or as minor components of The alkaline lability of the glycolipid mixture and the
the microheterogeneous OSE. It should be noted that, inrecovery of a mixture of oligosaccharides point to members
either way, the ratio of (Ly*Man):6-O-Me-Glc should be of the LOS class of mycobacterial glycolipids, which we
approximately 3:1, which is in good agreement with the first observed inM. kansasii(Hunter et al., 1983) and are
observed ratio of 6.7:2.4. On the other hand, if the OSE now known to be widespread among mycobacteria (McNeil
consists of regular repeating unit of the proposed 16-mer, et al., 1989; Besra & Brennan, 1994). However, all of these
the ratio of Lyx:Man:6MeGlc should be 11:1:4. The contain a trehalose unit at the “reducing” end (obviously,
glycosyl composition data which gave a ratio of 5.7:1:2.4 with a trehalose at the right-hand terminus, there is no true
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reducing end), and hence, we are reluctant to classify theseCastelnuovo, G., Bellezza, G., & Yamanaka, S. (19%0). Inst.
latest products as members of the LOS class of surface Pasteur 119302-311.

glycolipid antigens (Besra & Brennan, 1994).

Yet, there is an interesting caveat to this issue. Lyxose is

rare in nature. However;lyxose is present in flambamycin,
an antibiotic fromStreptomyces hygroscopic@sd in other
members of this family of structurally related antibiotics,
including curamycin, avilamycin, and the everninomycins

(Ollis et al., 1974). What is most striking about the presence
of lyxose in these structures is that it is part of a nonreducing

oligosaccharide. For example, everninomycin-D on hydroly-
sis yielded a mixture of products, including everninose
(Herzog et al., 1965) which was established to be 2,6-di-
Me-3-D-Manp(1<>1)-2-O-Me-3-L-Lyx (Ganguly, 1969). Also,
lyxose is a component of flambamycin; specifically, it is the
right-hand terminal sugar of the flambabiose, flambatriose
and flambatetrose isolated from this antibiotic, i.e., in the
case of the flambatriose @-Me-d-Fuc(@1—4)-2,6-di-O-Me-
D-Man(1=1)-L-Lyx. Trehalosen-p-Glcp(1<1)a-d-Glepis

Crawford, J. T., Fitzhugh, J. K., & Bates, J. H. (1984). Re.
Respir. Dis. 124559-562.

Daffe, M., Brennan, P. J., & McNeil, M. (1991) Novel type-specific
lipo-oligosaccharides fronMycobacterium tuberculosisBio-
chemistry 30378-388.

Dahlman, O., Garegg, P. J., Mayer, H., & Schramek, S. (1986)
Acta Chem. Scand. B 405—20.

Dell, A., Reason, A. J., Khoo, K.-H., Panico, M., McDowell, R.
A., & Morris, H. R. (1994)Methods Enzymol. 23008-132.
Dubois, M., Gilles, K.-A., Hamilton, J. K., Robers, P. A., & Smith,

F. (1956)Anal. Chem. 28350-356.

Engel, H. W. R., Berwold, L. G., Grange, J. M., & Kubin, M. (1980)
Tubercle 61 11-19.

Furuchi, A., & Tokunaga, T. (1972). Bacteriol. 111 404-411.

Ganguly, A., Sarre, O. Z., & Morton, J. (196@hem. Commun.
1488-1489.

" Goren, M. B., McClatchy, J. K., Martens, B., & Brokl, O. (1972)

J. Virol. 9, 999-1003.
Hakomori, S. (1964). Biochem. 55204—208.
Hatfull, G. F., & Sarkis, G. J. (1993}lol. Microbiol. 7, 407—417.

the only other example of a naturally occurring disaccharide Hatfull, G. F., & Jacobs, W. R., Jr. (1994) ifuberculosis:

of the nonreducing type, and of course, trehalose or tbe 6-
Me (Daffe et al., 1991) or the @-Me version (Hunter et
al., 1988) is the fundamental unit of the LOS group of
prominent mycobacterial antigens. Obviously, the striking
relationship suggested to us that the Lyx-containing gly-
colipids share with the trehalose-containing LOSs the
property of an ¢1<>1a)-linked disaccharide at the reducing

Pathogenesis, Protection, and Conti@loom, B. R., Ed.) pp
165-183, American Society for Microbiology, Washington, DC.
Hendren, R. W. (1975nt. J. Syst. Bacteriol. 24491—-492.
Herzog, H. L., Meseck, E., deLorenzo, S., Murawski, A., Charney,
W., & Rosselet, J. P. (1965 ppl. Microbiol. 13 515-520.
Hunter, S. W., Murphy, R. C., Clay, K., Goren, M. B., & Brennan,
P. J. (1983). Biol. Chem. 25810481-10487.
Hunter, S. W., Barr, V. L., McNeil, M., Jardine, I., & Brennan, P.

end of the oligosaccharide chain. Nevertheless, we have not J- (1988)Biochemistry 271549-1556.

been able, in this present study, to establish categorically

the validity of this hypothesis. Clearly, Lyx[@ol was

Imaeda, T., & San Blas, F. (1969) Gen. Virol. 5 493-498.
Jacobs, W. R., Jr., Kalpana, G. V., Cirillo, J. D., Pascopella, L.,
Snapper, S. B., Udani, R. A., Jones, W., Barletta, R. G., &

evident in several products, but these were always the result  Bloom, B. R. (1991)Methods Enzymol. 204637-555.

of hydrolysis. Perhaps the Lyx-containing glycolipidshéf
phleiM. smegmatisbear greater analogy to the surface
lipopolysaccharides of the virulent phase | cellCafxiella
burnetti where Lyx occurs in the form of the G-
(hydroxymethyl)t-lyxose and is a terminal sugar of the

Jones, W. D. J., & White, A. (1978). Clin. Microbiol. 7, 467—
469.
Kochetkov, N. K., & Chizhov, O. S. (1966)dv. Carbohydr. Res.
21, 39-92.
Maitra, S. K., & Ballou, C. E. (1977). Biol. Chem. 2522459-
469

parent lipopolysaccharides (Schramek et al., 1985; Dahlmanycneil, M. R., Tsang, A. Y., & Brennan, P. J. (198%)Biol. Chem.

et al., 1986). The acid lability and its role as a serological
determinant are in accord with the lability of the Lyx-
containing glycolipids, their phage binding capacity, and our
belief that they are the strain-specific antigens of this
particular strain oMycobacterium
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