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Mycobacterium tuberculosis survival in cells requires myco-
bactin siderophores. Recently, the search for lipid antigens pre-
sented by the CD1a antigen-presenting protein led to the dis-
covery of a mycobactin-like compound, dideoxymycobactin
(DDM). Here we synthesize DDMs using solution phase and
solid phase peptide synthesis chemistry. Comparison of syn-
thetic standards to natural mycobacterial mycobactins by
nuclear magnetic resonance and mass spectrometry allowed
identification of an unexpected a-methyl serine unit in natural
DDM. This finding further distinguishes these pre-siderophores
as foreign compounds distinct from conventional peptides, and
we provide evidence that this chemical variation influences the
T cell response. One synthetic DDM recapitulated natural struc-
tures and potently stimulated T cells, making it suitable for
patient studies of CD1a in infectious disease. DDM analogs dif-
fering in the stereochemistry of their butyrate or oxazoline moi-
eties were not recognized by human T cells. Therefore, we con-
clude that T cells show precise specificity for both arms of the
peptide, which are predicted to lie at the CD1a-T cell receptor
interface.

Pathogens are detected by the host when antigenic molecules
directly contact immune receptors during the early stages of
infection. The strategy of intracellular infection allows viruses,
certain bacteria and protozoa to partially cloak themselves from
the immune response by physically encapsulating their anti-
gens within host cells. Intracellular residence also takes advan-
tage of immune tolerance mechanisms that prevent autoim-
mune destruction of self. T cells play a central role in immunity
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to intracellular pathogens because they can respond to antigens
that are generated inside cells and then transported to the sur-
face of infected cells after binding to antigen-presenting mole-
cules. The antigen-presenting molecules encoded in the major
histocompatibility complex are widely known for presenting
peptide fragments of proteins (1). More recently, human and
mouse members of the CD1 (cluster of differentiation 1) system
have been shown to present small amphipathic molecules,
including a variety of membrane lipids, glycolipids, and
lipopeptides, greatly expanding the molecular structures recog-
nized by the cellular immune system (2, 3).

Among human CD1 proteins (CD1a, CD1b, CDI1c, CD1d,
and CDle), each CD1 isoform is expressed on a different spec-
trum of antigen-presenting cells. Human CDla proteins are
distinguished from other CD1 proteins by high expression lev-
els on the surface of intradermal Langerhans cells, which play a
role in barrier immune function (4). Human T cell clones have
been shown to directly recognize CD1a proteins in the presence
of exogenous foreign antigens (5) or in the presence of sulfatide
and other self lipids (6, 7), suggesting a role for CD1a in T cell
activation. In addition, mycobacteria and other intracellular
pathogens have been shown to increase CD1a expression in
lesions found in leprosy and tuberculosis patients, implying a
possible role for CD1a in the response to infection, especially at
mucosal or skin sites (8 —10). Analysis of the molecular target
recognized by CD1a-restricted T cell clone (CD8-2) allowed the
identification of a foreign antigen presented by CDla as
dideoxymycobactin (DDM) (11).

Mycobactin binds iron to promote Mycobacterium tubercu-
losis survival. DDM was initially isolated (11) from antigenic
lipid extracts of M. tuberculosis, a pathogen that kills ~1.7 mil-
lion humans annually on a worldwide basis (12). The determi-
nation of DDM structure was based on mass spectrometric and

2 The abbreviations used are: DDM, dideoxymycobactin; HPLC, high perform-
ance liquid chromatography; MS, mass spectrometry; CID, collision-in-
duced dissociation; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrocloride; HOAt, 1-hydroxy-7-aza-benzotriazole; Fmoc, 9-fluorenylme-
thoxycarbonyl; Mtt, 4-methyltrityl; HATU, 2-(7-aza-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate; HBTU, 2-(benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HBOt,
1-hydroxy-benzotriazole; Boc, t-butoxycarbonyl; Dde, 1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl.
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NMR studies of limiting amounts of natural material derived
from the pathogenic organisms, so that not all elements of its
chemical structure could be formally determined. Instead, its
assigned structure was facilitated by obvious parallels of
dideoxymycobactin with mycobactin, a lipopeptide sid-
erophore (13, 14). Iron is required for reduction-oxidation
reactions involving respiration and other basic metabolic path-
ways in bacterial pathogens (13). Environmental mycobacteria
have at least two iron uptake pathways, but mycobactin and the
related molecule carboxymycobactin represent the only known
dedicated iron uptake pathway for pathogenic species like M.
tuberculosis (15, 16). Highlighting the physiological importance
of the mycobactin pathway, deletion of mycobactin synthase B
limits M. tuberculosis survival in cells (13, 14). Also, mamma-
lian innate immune systems produce siderocalin, a 20-kDa
lipocalin that binds both ferric and apo siderophores, prevent-
ing their uptake and subsequent iron delivery to microbes (17—
20). The small available yields of natural material highlighted
the need for a straightforward method to synthesize DDM for
studies of its role in mycobacterial iron acquisition and testing
T cell responses in human populations, as well as to provide
authentic standards to investigate unknown aspects of natural
DDM stereochemistry. Here we report two syntheses for pro-
duction of DDM in solution phase and solid phase. Comparison
of synthetic and natural DDMs gives unexpected insight into
the stereochemical structures of the methylserine, oxazoline,
and butyrate moieties of DDM and provides direct evidence
that the T cell response is highly specific for a unique aspect of
DDM structure that protrudes from the surface of the CD1a-
DDM complexes.

EXPERIMENTAL PROCEDURES

Extraction of M. tuberculosis Lipids—We purified DDM
using a method described previously (21) that was modified
with new reversed phase HPLC systems to obtain peak-to-base
line separation of individual molecular species of DDM. Briefly,
M. tuberculosis H37 Ra (Difco) or H37Rv was cultivated in bio-
safety level 3 and serially extracted at 5 mg/ml in chloroform:
methanol mixtures at two ratios (2:1 and 1:2). The resulting
total lipid extracts were dried, and 1.5 g were resuspended in 3
ml of chloroform/methanol (2:1) and added to 95 ml of cold
acetone (0 °C) with 2 ml of 10% MgCl,-6H,0 in methanol for 90
min to precipitate phospholipids. The resulting supernatant
lipid mixture containing acetone-soluble lipids was separated
from the precipitate by centrifugation at 2000 rpm for 15 min to
give 60 —70% yield from the total lipid extracts. Acetone-soluble
lipids (20 mg) were resuspended in 10 ml of 100:25 hexanes:
chloroform, loaded into a solid phase extraction silica gel (10 g)
column (Altech, Waukegan, IL) and eluted with hexanes:chlo-
roform:2-propanol:acetic acid in the following ratios:100:25:0:0
(40 ml), 100:25:5:0 (40 ml), 100:25:10:0 (40 ml), 100:25:15:0 (40
ml), 50:75:15:0 (40 ml X 2), and 50:75:15:1 (40 ml X 2). DDM
was recovered in the final, acetic acid-containing fractions and
subjected to reversed phase chromatography on a C4 column
(Vydac) with a flow rate of 0.7 ml/min. A linear binary gradient
(0 min 20% B, 4 min 20% B, 35 min 60% B, 45 min 60% B, and 50
min 20% B) was used with 50:30:20:0.02 methanol:acetonitrile:
water:trifluoroacetic acid (A phase) and 93:7:0.02 2-propanol:
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hexanes:trifluoroacetic acid (B phase). The liquid chromatog-
raphy-MS system (Waters Breeze HPLC with Thermo-
Finnigan LCQ Advantage) was operated with a 7:1 split
interface to allow fraction collection based on UV response in
real time. Additional MS™" analysis was completed with nano-
electrospray with an internal stainless steel electrode (600—
1000 V) using borosilicate glass pipettes fabricated in-house
with a 2-um orifice (Sutter Instrument Co., Novato, CA).

Derivatization and Gas Chromatography-MS Analysis—A
purified DDM-840 sample and amino acid standards were
cleaved and esterified by dissolving in 3 N HCl in butanol (pre-
pared by adding 1.0 ml of acetyl chloride to 5.0 ml of n-butanol)
and incubating overnight at 100 °C to both cleave all ester and
amide linkages and convert all resulting carboxyl groups to
butyl esters. The solvent was evaporated (SpeedVac, Savant),
and the residue was treated with trifluoroacetic anhydride to
derivatize remaining polar functional groups (22). The samples
were redissolved (~100 ng/ul) in dichloromethane for injec-
tion (1 ul) into the gas chromatography-MS with a Thermo-
Finnigan GCQ mass spectrometer and associated gas chro-
matograph equipped with a BD-5MS capillary column (30-m X
0.25-mm inner diameter; Alltech Assoc., Waukegan, IL). The
column temperature was initially held at 75 °C for 1.0 min, then
increased at 5.0 °C/min to 200 °C, held for 1.0 min, and then
increased at 10.0 °C/min to a final temperature of 300 °C. The
injector was set at 195 °C, and the transfer line to the mass
spectrometer was set at 200 °C.

Solution Phase Synthesis of DDM—The strategy was based on
previous syntheses by which protected forms of the cobactin
and mycobactic acid are coupled, deprotected, and acylated
(23-27). The synthesis reported here relies on production of
deoxymycobactic acid and deoxycobactin (see Fig. 1). The
strategy and numerically designated intermediates are shown
in Fig. 2, and the detailed methods and chemical description of
newly produced intermediates are shown in supplemental Fig.
S1. In this way, formation of the diastereomeric cobactin com-
ponents was initiated by cyclization of Z-(L)-lysine in the pres-
ence of EDC/HOAL to provide the Z-protected caprolactam 2
(numbers in bold type refer to Fig. 2) in 95% yield after chro-
matographic purification. Hydrogenation of the benzyloxycar-
bamate of 2 was followed by another EDC/HOAt-mediated
peptide bond formation with the acid form of the commercially
available (R or S)-3-hydroxy butyric acid sodium salt to sepa-
rately provide the desired pre-cobactin T 3a and pre-cobactin S
3b in high yields. Synthesis of appropriately protected (Boc)
pre-mycobactic acid methyl esters 5a,b required the prepara-
tion of an orthogonally protected (L)-lysine. Z-(L)-lysine was
treated with thionyl chloride in MeOH to form the methyl
ester. Without purification, the resulting amine salt was reacted
with Boc,O in the presence of excess NaHCO, to provide
orthogonally protected lysine 4 in excellent yield. Hydrogena-
tion of the Z-protecting group revealed the amine, which was
then coupled to the known oxazoline acids 5a,b (27) by the
action of EDC/HOAt. Completion of the syntheses began with
the LiOH-mediated saponification of the methyl esters of 6a,b.
Isolation of the acids was followed by an EDC/HOAt-mediated
ester bond formation with pre-cobactin T 3a to provide inter-
mediates 7a,b. HCl cleavage of the Boc-protecting group of
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each diastereomer was followed by another EDC/HOAt-medi-
ated amide bond formation utilizing eicosanoic acid. Purifica-
tion of each separately synthesized diastereomer provided pre-
mycobactins 1a,b.

Solid Phase Synthesis of DDM and Addition of 3R-Hydroxy-
butyric Acid to Fmoc-Lys(Mtt)-Super Acid-sensitive Resin—The
synthesis was initiated using commercially available Fmoc-pro-
tected lysine bound to super acid-sensitive resin (Bachem
Bubendorf, Switzerland) with the e-amino group protected by
an Mtt group. Using 11.7 umol of the resin-bound lysine, the
a-amino group was deprotected using 10% piperidine in di-
methylformamide for 30 min followed by washing with dimeth-
ylformamide followed by dimethylacetamide. 100 wmol of
sodium R-3-hydroxybutyrate (Sigma-Aldrich; R isomer with
specific optical rotation —14.2° at 24.5 °C, 546 nm) was com-
bined with equimolar amounts of HATU and HOAt in slight
excess and dissolved in 3.0 ml of dimethylacetamide (28 -30).
The reagent solution was then reacted with the resin for 5-10
min followed by washing with dimethylacetamide and
dimethylformamide.

Addition of Dde-Lysine(Fmoc)-OH—100 pumol of Dde-ly-
sine(Fmoc)-OH and 120 uwmol each of HBTU, HBOY, and col-
lidine were dissolved in 1.5 ml of acetonitrile and reacted with
the well washed resin for 2 h. A few microliters of dimeth-
ylformamide was added to reduce clumping of the resin in ace-
tonitrile. The best observed yield was 44% relative to starting
resin and based on measurement of UV absorbance at 299 nm
after Fmoc deprotection.

Synthesis of 2-cis-Eicosenoic Acid (C,,)—2-cis-Eicosenoic
acid was synthesized using octadecanol as starting material and
converting it to the aldehyde with oxalyl chloride, dimethyl
sulfoxide, and triethyl amine. Dimethyl sulfoxide (40 mmol in
10 ml of methylene chloride) was added dropwise to a solution
of oxalyl chloride (20 mmol) in anhydrous methylene chloride
(1.8 ml) under nitrogen at —78 °C. After stirring for 10 min, 18
mmol of octadecanol in 10 ml of methylene chloride was added
dropwise, still at —78 °C. The solution was stirred at —78 °C for
30 min, and 12.0 ml of triethylamine was added. The solution
was allowed to reach room temperature with continued stirring
until reaction completion was reached as determined by thin
layer chromatography. The reaction mixture was then washed
with saturated ammonium chloride and brine, dried over
sodium sulfate, filtered, and evaporated under reduced pres-
sure. Purification was done by chromatography on silica gel,
eluting with 2% ethyl acetate in hexanes to give 3.65 g of octa-
decanal to give 78% yield. The C,, olefin was formed by cou-
pling with the ethyl ester of diethylphosphonoacetic acid (31)
with potassium hexamethyldisilazane as the base (32). Potas-
sium hexamethyldisilazane (0.5 M in 2.3 ml of toluene) was
added to a solution of the ethyl ester of diethylphosphonoacetic
acid (11.62 mmol) and 18-crown-6 (52.9mmol) in 100 ml of
anhydrous tetrahydrofuran at —78°C. Octadecanal (10.57
mmol), dissolved in 5 ml of tetrahydrofuran, was added, and the
mixture was stirred at —78 °C until the disappearance of the
starting material. Saturated aqueous ammonium chloride (150
ml) was added, and the product was extracted with ethyl acetate
(3 X 100 ml). The organic phase was dried over sodium sulfate,
filtered, and concentrated. This yielded a mixture of cis- and
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trans-ethyl 2-eicosenoate in a 5:1 ratio, which could be sepa-
rated by flash chromatography with 1% ethyl acetate over silica
gel with the cis-isomer eluting first. The ethyl ester was hydro-
lyzed to the free acid using aqueous LiOH in ethanol (1 ml of 1
N LiOH in 10 ml of ethanol) with stirring for 3 days. The reac-
tion mixture was then diluted with 150 ml of ethyl acetate,
washed with 10% HCI, saturated NaCl, and then dried over
sodium sulfate. The mixture was then filtered and evaporated
under reduced pressure to give 1.4 g (80%) of cis-2-eicosenoic
acid.

Addition of Acyl Group to the e-Amino Group of Lysine—The
e-amino group of the central lysine was first deprotected using
10% piperidine in dimethylformamide for 5 min, avoiding
excess reaction time, which begins to slowly remove the a-
amino Dde-protecting group. 2-cis-Eicosenoic acid (100 wmol)
was combined with 110 umol of HOBt and dissolved in 200 ul
of chloroform and 100 ul of dimethylformamide. The solution
was added to the washed resin, and 110 ul of 1 M dicyclohexy-
lcarbodiimide in methylene chloride was added to activate the
coupling reaction.

Synthesis of Methylserine- and Salicylate-based Phenyl-
oxazoline—Each enantiomer of methyl 4,5-dihydro-4-methyl-
2-(2-benzyloxy)phenyloxazole-4-carboxylate  (methylserine-
based oxazoline) was separately prepared by converting the
benzyl ether of salicylic acid, 2-benzyloxy-benzoic acid to the
acid chloride using oxalyl chloride and a drop of dimethylfor-
mamide, followed by a reaction with the methyl ester of the
separate enantiomers of a-methylserine. The resulting amide
was cyclized to the corresponding oxazoline form using bis(2-
methoxyethyl)amino-sulfur trifluoride at —78 °C (33). The pro-
tecting groups were removed using simultaneous LiOH (10
mg/ml) saponification and catalytic hydrogenation (10 mg of
platinum on carbon, 10% by weight) in methanol at room tem-
perature. The product was dissolved in ethyl acetate and
extracted with 0.5 N citric acid and then brine. Circular dichro-
ism spectrophotometry (Jasco J-715; Jasco Inc., Easton, MD)
was used to confirm the final structure of the phenyloxazoline
compounds synthesized by comparison to an R-serine-based
oxazoline derivative of known structure (supplemental Fig. S2).

Addition of Methylserine-based Phenyloxazoline—The Dde
group was removed using 2% hydrazine in dimethylformamide
(stored at 5°C) for 10 min followed by extensive washing.
Deprotected methylserine-based oxazoline (50 mmol) was
combined with a 10% excess of HATU and dissolved in 1.5 ml of
methylene chloride:acetonitrile:dimethyl formamide (1:1:1) to
react with the resin for 4 h with agitation.

Cyclization of Terminal Lysine—The lipopeptide was cleaved
from the resin using 2% trifluoroacetic acid in methylene chlo-
ride. Cleavage solution was allowed to flow through the resin
until the effluent ceased to produce yellow color associated
with the free Mtt group. After solvent evaporation, the product
was immediately diluted to 1.5 ml in methylene chloride:aceto-
nitrile and treated with a 10% molar excess of HATU with
HOAt and collidine added to ensure basic conditions to form
the C-terminal cyclic lysine. Reversed phase HPLC on a 1.0
cm X 25 ¢cm C18 column at 2.7 ml/min (Higgins Analytical,
Mountain View, CA) was then used to purify the DDM and
separate it from reagents. The method used gradient elution
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starting at 60% B phase and ending at 80% B phase. The A phase
was 50:30:20 methanol:acetonitrile:water with 0.1% formic
acid, 0.02% trifluoroacetic acid, 10 mmM ammonium acetate,
0.02% hexafluoro-2-propanol. The B phase was 10% hexane in
2-propanol with 0.1% formic acid and 0.02% trifluoroacetic
acid. Collected DDM was dried under a stream of nitrogen.
Final yield was 2.7% relative to the lysine bound to the starting
resin based on UV absorbance of the final product. The final
yield and complexity of the products was variable and improved
if the purification and final removal of acidic mobile phase addi-
tives was done quickly. Passage through a short silica gel col-
umn and elution with 10% 2-propanol in chloroform was used
to help remove polar additives from the final product.

T Cell Assays—CDla-expressing antigen-presenting cells
were isolated from human peripheral blood mononuclear cells
by centrifugation over Ficoll-Hypaque, plastic adherence, and
treatment with 300 IU/ml granulocyte macrophage colony-
stimulating factor and 200 IU/ml interleukin-4 for 72 h, fol-
lowed by +y-irradiation (5000 Rad) (34). CDla-restricted,
dideoxymycobactin-reactive T cell transfectants (J.RT3.CD8-2) or
CD8-2 T cells (5) were tested for interleukin-2 release by using
the HT-2 bioassay. A combination of 1 X 10° J.RT3.CD8-2
transfectant cells and 5 X 10* y-irradiated antigen-presenting
cells were incubated in 200 ul of T cell medium containing
serial dilutions of lipid antigens; phorbol 12-myristate 13-ace-
tate was added to each well at a final concentration of 10 ng/ml.
After 24 h, 50 ul of supernatant was added to wells containing
100 wl of medium and 10* interleukin-2-responsive HT-2 cells.
One day later, 1 uCi of [*H]thymidine was added to each well.
After 6 h, incorporated [*H]thymidine was measured by count-
ing beta emissions.

For plate-bound CD1 assays, soluble human CD1la fusion
proteins covalently linked to human 32m and to the Fc portion
of murine IgG2a were constructed, produced, and purified as
previously reported (35). Ninety-six-well protein G-coated
plates (Pierce) were incubated with 1.25 ug of fusion protein/
well in phosphate-buffered saline at pH 7.4 for 24 h at 37 °C.
Lipid antigens were then sonicated into phosphate-buffered
saline and added to the wells. The plate was incubated for 24 h
at 37 °C prior to washing three times with 200 wl/well of sterile
phosphate-buffered saline and adding 10° CD8-2 T cells in a
total volume of 200 ul of T cell medium/well. The plate was
incubated for 24 h at 37 °C, after which culture supernatants
were collected for analysis. The assays were performed in trip-
licate at least three times, and the data are reported as the
means * standard deviation. CDla plate-bound inhibition
assays were performed similarly to standard plate-bound
assays, except that nonstimulatory ligands were added to the
plate and incubated for 8 h prior to the addition of DDM-
838SR. After an additional 12 h of incubation, the plate was
washed three times, and T cells were added. Supernatants from
blocking assays were tested by interferon y enzyme-linked
immunosorbent assay.

Molecular Modeling—Protein Data Bank coordinates for the
DDM-838SR-CD1a complex were prepared using the software
suite Insight II (Accelrys). Using the previously determined
crystal structure (Protein Data Bank code 1XZ0) (21), DDM-
838SR was overlaid on the synthetic molecule to approximate
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the position of elements bound within the groove. The figures
were prepared using the molecular visualization software
PyMol (DeLano Scientific LLC), and electrostatic potentials
were calculated using an the Poisson-Boltzmann equation as
implemented in the software APBS (36).

RESULTS

Isolation of Individual Molecular Species of Dideoxy-
mycobacin—The discovery of DDM was based on mass spec-
trometric analysis of trace amounts of antigenic material from
M. tuberculosis. To generate the larger quantities of DDM
needed for complete structural determination of natural mole-
cules and immunological studies with human T cells, we took
three approaches (Fig. 1). First, cultivation of liter quantities of
M. tuberculosis, along with improvements in extraction and
separation techniques, yielded six distinct molecular species of
natural DDM. This was accomplished by extraction of intact
organisms in chloroform and methanol followed by treatment
of lipids with cold acetone to precipitate and remove phospho-
lipids. Passage through a silica gel column provided a simplified
subfraction, which was further resolved by molecular size with
reversed phase HPLC using a C18 column and 2-propanol with
7% hexanes (21). This method yielded six pure subspecies
named according to the nominal masses of their [M + H]* ion
detected in the positive mode: DDM-840, DDM-838, DDM-
826, DDM-824, DDM-812, and DDM-810 (11) (Fig. 1A). CID
mass spectra of the [M + H]™ ions generated by all six com-
pounds yielded a common product ion at m/z 546 for each
compound, which was found to correspond to the mass of the
peptidic portion of the DDM (supplemental Fig. S3). Additional
product ions enabled determination of the backbone sequence,
the location of the acyl group, and its degree of unsaturation
(supplemental Fig. S4). The mass differences among individual
members of the series were accounted for by their varied sub-
stitution with acyl chains of C,, Cy.1, Ci9, Cio.1» Cig 0Or Cigq
(Fig. 1 and supplemental Figs. S3 and S4). Although the low
microgram yields were insufficient for most biological applica-
tions, these natural molecules were important for guiding the
synthetic strategy and for use as standards for evaluating the
chemical structure and immunological properties of synthetic
molecules.

Solution-based DDM Synthesis—The first strategy for DDM
synthesis involved separate production of deoxy forms of pro-
tected mycobactic acid and cobactin in solution phase (Fig. 1B).
These products coupled to form the protected peptide back-
bone and then deprotected and coupled to the acyl side chain to
yield dideoxymycobactin. This strategy was potentially expedi-
tious because problems with certain key intermediates, reac-
tion methods, and extraction procedures had been solved dur-
ing prior, successful efforts to synthesize mycobactin (23-27).
In fact, it might have been possible that mycobactin or other
intermediates leading to the synthesis of mycobactin were suf-
ficient to stimulate CD1a-restricted T cells, obviating the need
to produce DDM for immunological studies. However, a
dideoxymycobactin-reactive T cell line (CD8-2) failed to
respond to each of 14 synthetic mycobactin or mycobactin-like
compounds (supplemental Fig. S5). These compounds recapit-
ulated many, but not all, aspects of DDM structure, providing
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DDM-812 | H | CH; Cig DDMSer | H |H ‘ Cyo DDM-838RS | H CHz Z_C;S ng r|g directly adjacent to the oxygen in

DDM-810 | H | CH3 | 2-cis Cyg.1 DDM-Thr |CH3| H | Cy DDM-838RR | H | CHs | 2-cis Coo | R | R the oxazoline ring (supplemental

Fig. S7). These resonances were

Dideoxymycobactin observed as simple doublets with no

Deoxymycobactic Acid Deoxycobactin apparent interactions with other

Salicylic o-Methyl Lysine 3-hydroxy Lysine neighboring  hydrogen  atoms,

acid serine (central) butyric  (C-terminal) implying that they were derived

R1 acid from geminal hydrogens on an iso-

O 0] lated methylene unit. In prior stud-

\jﬂk o CHso o ies of mycobactin incorporating ser-

N Ro N2 MN 4 NH ine or threonine, this simple pattern

OH H O H U was not observed. Instead, these

amino acids provide one extra pro-

ton on the a or B carbon, which

causes a more complex coupling

Oxazoline HN pattern (38). The current result

FIGURE 1. Three approaches used to produce dideoxymycobactin analogs that vary in structure.
Dideoxymycobactins are composed of mycobactic acid and cobactin such that they contain four chiral centers
in the peptidic backbone, designated *71, *2, *3, and *4. The chiral centers *2 and *4 were associated with the
two lysine groups and assumed to have the same stereochemistry as naturally occurring L-lysine. The chiral
centers labeled *7 and *3 were previously unknown and required elucidation. DDMs were isolated or produced

with varying acyl chains or substitutions at R, or R, as indicated.

evidence that the CD1a-mediated T cell response was specific
for the fine structure of the molecule.

Descriptions in the literature suggested that mycobactin syn-
thases incorporate either serine or threonine to form the oxazo-
line ring (37). To recapitulate these structures in DDM, we used
L-serine and L-threonine to make two forms of DDM peptide,
designated DDM-Ser and DDM-Thr (Fig. 2 and supplemental
Fig. S1). We compared their antigenic activity with that of the
mixture of M. tuberculosis dideoxymycobactins. Even though
the synthetic molecules mimicked the structure of the two
DDMs thought to be present in the mixture of natural com-
pounds, neither synthetic compound stimulated a CD1a-re-
stricted T cell response (supplemental Fig. S6A). Because
prior evidence suggested that a single unsaturation at C,_;in
the C,, fatty acid increases antigenic potency, we produced a
third molecule, DDM-Ser-2-trans, but it also failed to stim-
ulate a T cell response (supplemental Fig. S6B). Thus, either
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implied that the oxazoline ring in
DDM-840 from this isolate of M.
tuberculosis is formed by incorpo-
ration of o«-methylserine. This
unusual amino acid has been
observed in bacterial compounds
such as the antibiotic amicetin from
Streptomyces fasciculatus (39, 40) and mycobactins from the
actinobacteria Nocardia (41) and also in plants (42) but, to our
knowledge, not in M. tuberculosis.

This unexpected molecular variant of natural DDM might
explain why synthetic DDMs, which were produced using the
more common amino acid structures, were not antigenic. With
electrospray ionization MS, DDM-Ser, DDM-Thr, and M.
tuberculosis-derived DDM-838 were detected as sodium
adducts with nominal [M + Na]™ at m/z 848, 862, and 860,
respectively. CID-MS analysis showed prominent product ions
corresponding to the loss of either 30 or 44 atomic mass units
(Fig. 3A). Because DDM-Thr and DDM-Ser differ only in the
presence or absence of a methyl group at position R, (Fig. 1),
these fragment ions could be formally assigned to a product
that arises via cleavage through the ring containing this methyl
group and therefore correspond to the loss of CH,O or C,H,O
from the oxazoline unit, respectively. M. tuberculosis-derived
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CH3
Q_< 1( N NH
H

DDM-Ser, R = H, MW = 826

{ DDM-Thr, R = CHgz, MW = 840
1a, * = (R)-configuration

o 1b, * = (S) configuraton

1.6 + LiOH, THF, H,0, rt, 12 h, 100%

2. 3a, or 3b, EDC, HOAt, (20-24%)

3. HCI, EtOAc, 0°C, 1h, (Quant.)

4. Eicosanoic acid, DIPEA, EDC,
HOAt, DMAP, (23-54%)

CHs O
HOMH NH

) 3a,b 0]

1.2+ Hy, 10% Pd-C,
MeOH, 100%

2. EDC, HOAt, DMAP,
72-95%

1.4 +H,, 10% Pd-C,
MeOH, 100%

2. EDC, HOAt, DMAP,
74%

~CO:Me
OH =
HOMOH ZHN
OH 5 NHBoc
RorS)
1. SOCl,. L SI EDC/HOAt
MeOH

2. Boc,0, 96%

FIGURE 2. Solution phase synthesis involves separate preparation of
deoxycobactin and deoxymycobactic acid, followed by coupling to pro-
duce dideoxymycobactin.

DDM-838 yielded product ions with a loss of 30 atomic mass
units, indicating a lack of a methyl group at R;, consistent with
the presence of serine or a-methylserine but not threonine (Fig.
3B). In DDM-838 from M. tuberculosis, the fragment corre-
sponding to the loss of the N-terminal butyrate-lysine moiety
was observed at m/z 664, indicating that the oxazoline ring was
formed either by methylsalicylate and serine or by salicylate and
methylserine. These possibilities were resolved by the loss of
120 atomic mass units to generate the product m/z 740, which
could be accounted for by a loss of C,H,O, resulting from
cleavage through the oxazoline ring with hydrogen transfer,
indicating that salicylate, not methyl salicylate, was present
(Fig. 34). The presence of these fragments could only be
explained if the amino acid forming the oxazoline ring were
an isomer of threonine, such as homoserine or a-methyl-
serine. In addition, the product resulting from the loss of 30
atomic mass units from the natural DDM (m/z 830) was
more abundant than the corresponding ions in the serine-
and threonine-based forms, an observation that could be
accounted for by relief of the steric crowding at the « carbon,
as would be expected for an oxazoline ring incorporating
a-methylserine (Fig. 34).

After all of the CID-MS experiments suggested the presence
of a-methyl serine, we sought to directly identify the amino
acids in DDM-840 by acid-catalyzed solvolysis in #-butanol and
derivatization with trifluoroacetic anhydride, followed by gas
chromatography-MS analysis. The electron impact MS spectra
of the derivatives of the DDM-derived amino acid and a-meth-
ylserine were nearly identical and were distinct from those of
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serine, threonine, and homoserine derivatives (Fig. 3B) (52). In
particular, the presence and ratio between the abundances of
the peaks at m/z 152 and 153 seen in the digest product of M.
tuberculosis DDM matched those of a-methylserine but did not
match those in the spectra of the derivatives of threonine or
serine, which instead exhibited a pair of peaks at m/z 138 and
m/z139. Thus, NMR, CID-MS, and gas chromatography-MS of
the derivatized component amino acids all indicated that M.
tuberculosis DDMs contain a-methylserine as the building
block incorporated into the oxazoline ring. If T cells were
capable of discriminating this detailed element of the struc-
ture of DDM, these results might explain why synthetic
DDMs lacking a-methylserine failed to stimulate a T cell
response. Therefore, we conceived a second method for syn-
thesis of a-methylserine containing DDM, which is based on
solid phase recovery of intermediates bound to polymeric
resins (Fig. 4).

Solid Phase Synthesis—Resin-based synthesis in the solid
phase is a particularly useful technology for stepwise coupling
of chemical building blocks in a multi-step synthesis because
the insoluble polymer allows each intermediate to be recovered
and separated from contaminants by simply washing the resin
with solvent. This method also makes it feasible to use a large
excess of reagents to drive the reaction to completion and carry
out multi-step syntheses with relatively high yields. Solid phase
synthesis techniques have been successfully used to make pep-
tides (43—45), including mycobactins (46).

The synthesis started with L-lysine with its a amino group
protected by a Fmoc group bound to resin beads with an acid-
labile super acid-sensitive resin linker (47, 48). The e-amine was
protected with a Mtt group, which was removed under weakly
acidic conditions at the final release (Fig. 44). The synthesis
proceeded in a stepwise fashion with coupling of 3-hydroxybu-
tyric acid, orthogonally protected lysine reagent, and 2-cis-ei-
cosenoic acid (C,,). The oxazoline formed between salicylic
acid and a-methylserine, being accomplished by forming an
activated derivative of carboxylic acid and allowing it to react
with the NH,, group on the growing chain. Each coupling step
was followed by washing by aprotic solvents and deprotection,
as needed, prior to the next coupling step as summarized in Fig.
4A. Similar coupling methods were used to cyclize the C-termi-
nal lysine after release.

Nanoelectrospray mass spectrometry confirmed the masses
of key synthesis intermediates (supplemental Fig. S8), and
HPLC analysis of the final product yielded two peaks (Fig. 3B),
one of which contained material with the expected mass (m/z
838.5) and showed a CID-MS spectrum (Fig. 4) and NMR spec-
tra (supplemental Fig. S7) that matched those of natural DDM-
838. Importantly, the synthetic DDM-838 stimulated CD1a-
restricted T cells with a potency comparable with M.
tuberculosis derived DDM-838 (Fig. 4D), consistent with the
conclusion that they were identical molecules. Further, recog-
nition of the S-a-methylserine containing molecule provided
evidence that this amino acid was present in natural molecules
and important for the response. Also, because the yield from a
single synthesis exceeded that recoverable from large mycobac-
terial preparations by ~100-fold, this biologically active prod-
uct is of adequate yield for T cell studies in human populations.
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FIGURE 3. Synthetic DDM standards allowed identification of a-methylserine as a component of DDM-
838 from M. tuberculosis. A, CID products of sodium adducts (IM + Na]™) of synthetic DDM-Ser (m/z 848,
middle panel) and synthetic DDM-Thr (m/z 862, bottom panel) were used to deduce the structure of the amino
acid forming the oxazoline ring in the natural product DDM-838 (top panel). DDM-Ser and DDM-Thr give
product ions at m/z 818, which are, respectively, 30 and 44 atomic mass units less than the parent ions and so
correspond to the expected neutral losses of O=CHR, from the oxazoline rings derived from serine and thre-
onine. The observation that fragmentation of the [M + Na] ™ ion of M. tuberculosis DDM-838 yields a predom-
inant product ion via the loss of 30 atomic mass units rules out threonine as a component. The loss of 120
atomic mass units indicates that salicylic acid was incorporated into all three compounds. B, trifluoroacetyl, butyl
ester derivatives of chemically digested M. tuberculosis antigenic lipid fraction (M. tb) were compared with amino
acid derivatives of known structure using gas chromatography-mass spectrometry. The electron impact spectrum
of one of the mycobacterial derivatives matches that of the a-methylserine derivative and is different from the other
possible threonine isomers. In particular, the lack of an observable ion at m/z 84 distinguishes the a-methylserine

derivative from the other isomers.

Stereocenters Determine the T Cell Response—DDM contains
four chiral centers: two in each of the lysine moieties, one in the
oxazoline ring, and one in the butyrate moiety (designated *I,
*2, *3, and [i*4 in Fig. 1). The lysines were assumed to corre-
spond to the naturally occurring L-form. However, the absolute
stereochemistry of the a-methylserine and butyrate moieties
were not known from prior studies and could not be directly
established from trace amounts of DDM available from M.
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signal intensities of the fragment
ions at m/z 830, 664, and 634, which
correspond to fragments generated
by cleavage within or adjacent to the
methyl-serine and butyrate moi-
eties, were not affected by the differ-
ing stereochemical configuration.
However, because the oxazoline
ring is part of the DDM chro-
mophore, compounds with differ-
ing stereochemistry of methylserine
would be expected to exhibit oppo-
site polarity in the CD spectrum. This was indeed the case for
the oxazoline precursors (supplemental Fig. S2) and the prod-
ucts (Fig. 5A4), confirming the maintenance of chirality during
synthesis.

Compared with the most active antigenic compound,
DDM-838SR, the other compounds with alterations at either
stereocenter showed a 1000-fold or greater loss of T cell
activation when tested by incubating antigen with T cells and
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indicating that this molecule binds
to CD1a at or near groove (supple-
mental Fig. S10A). Inhibition was
not seen with a structurally unre-
lated lipid (glucopsychosine). The
titer and extent of inhibition was
similar to that of the known CD1a-
presented ligand, sulfatide, and is
similar to the recently observed
effects of CD1c-presented ligands
(supplemental Fig. S10, B and C)
(49).

Based on a prior co-crystal struc-
ture of CD1a bound to a DDM-like
analog (21), we prepared a com-
puter model of CDla bound to
DDM-838SR and its stereoisomers
for comparison (Fig. 5D). This
model shows that the *1 and *3 ste-
reocenters are predicted to lie near
the opening of the CDla groove.

846 Their absolute stereochemical
. configuration is predicted to affect

o . o
o/:\)J\N

HN-Fmoc HN=Mtt
20%Piperidine
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DCC/HOBt/CHCI3/DMF
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FIGURE 4. Synthetic DDM-838SR s indistinguishable from M. tuberculosis DDM-838. A, a schematic of solid
phase synthesis of DDM-838 is shown with the gray circle representing super acid-sensitive resin. B, HPLC with
UV and MS detection was used to collect the fraction from 14.1 to 14.7 min using a split interface for diversion
to the mass spectrometer. Positive mode electrospray ionization-MS showed the expected mass and isotope
of DDM and no evidence of significant contamination by other products. C, MS-MS
analysis of M. tuberculosis and synthetic DDM-838SR [M + Na™]ion showed spectra that were nearly identical.
The fragment at m/z 830 resulting from cleavage through the oxazoline ring (see supplemental Fig. S1) is
clearly observed with similar signal intensity in the spectra of both compounds, indicating that this functional
group was unaltered under the conditions used for synthesis and isolation. D, CD1a-restricted T cell activation
was measured by interleukin-2 release in response to human monocyte-derived dendritic cells and DDM from

pattern for [M + H]*

synthetic and natural sources.

CD1la-expressing antigen-presenting cells (Fig. 5B). The sig-
nificant effect of slight alterations in peptide structure on T
cell activation might be due to alteration of the final struc-
ture of CD1a-DDM complexes or due to an effect of altered
antigen binding on uptake, transport, or antigen processing
by antigen-presenting cells. The results obtained when these
T cells were stimulated by DDM incubated with recombi-
nant CD1a-Fc proteins bound to plastic plates (Fig. 5C) indi-
cate that the differing responses were due to CD1a-lipopep-
tide-T cell interactions, rather than the influence of the
lipopeptidic structure on interactions with antigen-present-
ing cells. Also DDM-838SS inhibits the T cell response to
DDM-838SR presented on recombinant CDla proteins,
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—+— Natural DDM (Mtb.)
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m/z the orientation of the salicylate
and oxazoline and, to a lesser
extent, the terminal lysine moi-
eties located near the predicted
plane of TCR contact. This com-
puter model provides a specific
and plausible mechanism by
which such subtle chemical
changes in the peptide backbone
of DDM could substantially influ-
ence the final shape of the CD1a-
DDM complex at the site of its
predicted interaction with the TCR.
Because subtle structural changes at
either end of the peptide abrogate T
cell recognition, this suggests that
the TCR might interact with both
arms of the peptide, which are
anchored at the center by the lipid-
modified lysine. It will be of interest
to determine whether these altered
lipopeptide ligands have anergy
inducing properties, as has been previously shown for peptide
mimics of major histocompatibility complex ligands.

0.1 1 10
antigen uM

DISCUSSION

The synthesis of DDM analogs provides new insight into
structures of mycobactin-like compounds and new reagents for
immunological studies of CD1a function in humans. After nat-
ural products were unavailable in sufficient yield for com-
plete solution of the structure, synthesis of DDM standards
allowed a basis for comparison, which verified the presence
of the unusual methylserine unit and solved other stereo-
chemical centers in the peptide. Thus, synthesis informed
the analytical chemical analysis.
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FIGURE 5. Stereocenters near each end of the peptide moiety control T cell activation. A, circular dichroism
spectra acquired for the DDM synthetic analogs show a polar difference for compounds that were predicted to
vary in stereochemistry in the oxazoline moiety at the *1 stereocenter, which is part of the oxazoline ring
chromophore, confirming that input compounds (supplemental Fig. S9) were not racemized during synthesis.
B and C, T cell responses to DDM-838 stereoisomers were compared in assays using intact dendritic cells
expressing CD1a (B) or recombinant CD1a proteins bound to plastic plates (C). D, based on a prior crystal
structure of CD1a bound to a DDM-like synthetic compound (21), this molecular model was prepared with a
molecular surface corresponding to DDM-838SR. Top (upper panel) and side (lower panel) views show the
predicted position of DDM-838SR in the CD1a groove with arrows indicating the predicted locations of the
stereocenters that affect T cell response. The binding groove is depicted as a molecular surface with negative
(red) and positive (blue) electrostatic potentials. (The alternate DDM-838RS configuration was also modeled

and is shown as thin green lines.)

In considering possible differences in the immunological
functions of T cells that recognize CD1 or major histocompat-
ibility complex proteins, the biochemical nature of the antigens
presented may give some insight. Whereas peptides are highly
mutable gene products, lipids are produced by multi-enzyme
cascades that cannot be re-engineered in structure and still
retain function during the short time course of an epidemic.
Also, many of the bacterial antigens recognized by CDI,
including DDM, mannosyl phosphomycoketides, and sul-
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fated glycolipids, are lipids that
confer increased bacterial viru-
lence by mechanisms unrelated to
their capture by CDI1. These
observations raise the hypothesis
that CD1 functions as a failsafe
immune recognition mechanism
to present antigens that are stable
in structure but not dispensable
for successful infection.

DDM represents a clear example
of this because it participates in the
only known iron scavenging mech-
anism in M. tuberculosis. Prior
studies show that alteration of a sin-
gle stereocenter in mycobactin
strongly influences iron acquisition
and utilization properties, convert-
ing it from a molecule that pro-
motes growth to one that inhibits
growth (23). Here we show that
CDla-restricted T cells can pre-
cisely scan the part of the peptide
structure responsible for iron chela-
tion. Together, these studies show
in a detailed way how the immuno-
logical specificity for the molecule is
related to the same aspects of its
chemical substructure that allow
this molecule to function as a viru-
lence factor (13, 50). Further, highly
precise recognition of only natural
DDMs support the hypothesis that
this is a natural target of the
immune response, and this result
indicates that T cell activation
requires both arms of the peptide.

Last, production of bioactive
DDM overcomes a longstanding
hurdle for initiating clinical studies
of the function of CD1a in infection.
The functions of CD1d and NK T
cells have been extensively studied
in mouse and human models of
infection,  autoimmunity, and
allergy (51). However, foreign anti-
gens for CD1a have not been recov-
erable from natural sources in large
amounts. CD1ais a prominent, even
defining cell surface protein for Langerhans cells. In vitro stud-
ies strongly suggest that CD1a activates T cells, but basic infor-
mation about the function of CD1la-dependent T cells in dis-
ease is unknown. Generation of a synthetic ligand for CD1la
now allows studies of the abundance and phenotype of such T
cells in tuberculosis patients. Studies of such major histocom-
patibility complex-independent T cell responses in humans
might lead to new tests for prior infection or subunits for vac-
cine formulations.
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