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ABSTRACT. Unnatural analogues of sialic acid can be delivered to mammalian cell surfaces through the
metabolic transformation of unnatufdiacetylmannosamine (ManNAc) derivatives. In previous studies,
mannosamine analogues bearing siniylacyl groups up to five carbon atoms in length were recognized

as substrates by the biosynthetic machinery and transformed into cell surface sialoglycoconjugates [Keppler,
O. T., etal. (2001%lycobiology 1111R-18R]. Such structural alterations to cell surface glycans can be
used to probe carbohydrate-dependent phenomena. This report describes our investigation into the extent
of tolerance of the pathway toward additional structural alterations dfitaeyl substituent of ManNAc.

A panel of analogues with ketone-containiNgacyl groups that varied in the length or steric bulk was
chemically synthesized and tested for metabolic conversion to cell surface glycans. We found that extension
of theN-acyl chain to six, seven, or eight carbon atoms dramatically reduced utilization by the biosynthetic
machinery. Likewise, branching from the linear chain reduced metabolic conversion. Quantitation of
metabolic intermediates suggested that cellular metabolism is limited by the phosphorylation of the
N-acylmannosamines by ManNAc 6-kinase in the first step of the pathway. This was confirmed by
enzymatic assay of the partially purified enzyme with unnatural substrates. Identification of ManNAc
6-kinase as a bottleneck for unnatural sialic acid biosynthesis provides a target for expanding the metabolic
promiscuity of mammalian cells.

The ability to biochemically or genetically manipulate the efficiency compared to endogenous natural substrates.
composition of a cell surface has provided new avenues for The pathway for sialic acid biosynthesis shows tolerance
fundamental studies of cell surface recognition. Methods for for unnatural substrates and consequently has attracted
“cell surface engineering” have also enabled the chemical attention as a vehicle for metabolic cell surface engineering.
restructuring of cell surfaces for tailored purposgs One As shown in Figure 1, sialic acid biosynthesis comprises a
approach involves the metabolic delivery of unnatural chemically and topologically complex set of evenlis.
moieties to cell surface glycoconjugates via pathways for Acetylmannosamine (ManNA@)he first committed precur-
oligosaccharide biosynthesi®)( An unnatural monosaccha- sor, is either biosynthesized from UDNRacetylglucosamine
ride precursor is “fed” to cells and processed by the (UDP-GIcNAC), obtained from the extracellular environment
biosynthetic machinery into a novel product that is presented (3), or derived from GIcNAc via the action of GIcNAc
on the cell surface. The process requires that biosynthetic2-epimerase4). ManNAc undergoes a series of enzymatic
enzymes transform the modified substrate with relative transformations resulting in the formation of CMBialic
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acid in the nucleus. This activated sugar is then transportednosamine (ManLev, Figure 2A, compoul To further
to the Golgi compartment where it acts as the donor for expand sialic acid-based cell surface engineering, new

glycosylation of an elongating glycan by one of a family of

chemical coupling partners such as azighosphine pairs

sialyltransferases. Finally, the sialylated glycoprotein or are being exploredQ). Still, the extent of unnatural substrate

by the secretory machinery.

over others have not been examined in detail. Such informa-

In vitro biochemical assays have determined that severaltion is crucial for expanding the applications of sialic acid-
enzymes n th|S pathWay can ut|l|ze Unnatural SubStI’ates W|th based Ce” surface engineering and for understanding the

elongated\-acyl groups, as well as modifications at other
positions b—12). Reutter and co-workers exploited the

permissivity of these enzymes and transport proteins to

cellular mechanisms for substrate selection.

In this study, we addressed the scope and limitations of

express unnatural sialic acids on the surface of ||V|ng cells unnatural substrate tolerance in the sialic acid biosynthetic

(13). Cells that were incubated witiN-propanoyl-, N-

pathway. A panel of unnatural mannosamine analogues

butanoyl-, orN-pentanoylmannosamines generated the cor- (shown in Figure 2A) was synthesized, each bearing a ketone
responding unnatural sialosides on cell surface glycoconju- group on a side chain that replaces Mwacetamido group.
gates and secreted glycoproteins. This phenomenon was useth each case, the ketone provided a chemical cell surface

to alter the proliferation of specific cell types in a mixed
population (4) and the susceptibility of cells to viral
infection (15, 16). More recently, Schnaar and co-workers
demonstrated that metabolic conversiom\bfjlycolylman-
nosamine to the correspondiigglycolyl sialic acid abro-
gated the binding of myelin-associated glycoprotein (MAG)
to neuroblastomaglioma hybrid cells 17).

marker for quantifying unnatural sialoside expression. By
systematically varying the length or size of the modified
N-acyl group, we explored the global substrate requirements
of the complete pathway in intact cells. To dissect the
detailed metabolism of these compounds within a cell,
radiolabel HPLC, colorimetric, and mass spectrometry assays
were developed to measure intracellular levels of the

Our laboratory has extended this substrate-based approach},otapolites downstream of ManNAc namely, ManNAc-

to introduce chemically reactive functional groups into cell

surface sialosides. For example, inclusion of a ketone group

in the elongatedN-acyl substituent of a ManNAc analogue

allows further elaboration of the corresponding cell surface
sialic acid by selective chemical reaction with a hydrazide

or aminooxy conjugatel@®). Applications of ketone-based

6-phosphate, sialic acid, and CMBialic acid, as well as

their unnatural analogues. The relative amounts of these
metabolic products in cells treated with natural and unnatural
substrates were compared in order to identify bottleneck steps
for metabolism of unnatural mannosamines. These experi-

cell surface remodeling include selective delivery of diag- Ments indicated that the first step, phosphorylation of the
nostic or therapeutic agents to cells based on their relativesubstrate, was either inefficient or bypassed; thus, the

levels of sialic acid 19), glycoform remodeling 20), and
construction of novel viral receptorl). These studies all
utilized a single mannosamine analogbelevulinoylman-

ManNAc 6-kinase was tested in vitro to verify the hypothesis
that this enzyme acts as a bottleneck for unnatural sialic acid
biosynthesis.



12866 Biochemistry, Vol. 40, No. 43, 2001

A i /l(l)\)?\
AcO HO HNO
A& “O&R
AcO HO
OAc OH
1 2
I )cj)\/\/lok
RO HN)J\/\“/ RO— HN
Q RO 0
ROR/O%KN ° RO%R
OR OR
3 (ManLev) 4
(0] 0 o]
RO HN/U\/\/\H/ RO HN/u\/\/\)l\
RO C R Q
Ro%\\ © %%L\M
OR
5 OR 6
o 0
RO HN)H/\,]/ RO—\HN”
Ryl | "R
OR OR
7 8

Jacobs et al.

o} Q

RO HN)I\/
RO
10 ©R

FIGURE 2: Synthetic mannosamine derivatives used in metabolic conversion studies. (A) Ketone-containing analogues of ManNAc with
modifications at C-2:a, R = H; b, R = Ac. (B) N-Acylmannosaminesa, R = H; b, R = Ac; ¢, R = Ac, *C at C-1;d, R = Ac, CDs

within the NHAc group.

MATERIALS AND METHODS

Materials. Biotin hydrazide, Dulbecco’s PBS, FITC-
labeled avidin, sodium azide, trypsiEDTA, ATP, PEP,

Cell Culture ConditionsJurkat cells were grown in RPMI
medium 1640 supplemented with 5% FBS and penicillin
streptomycin. HelLa cells were grown in DMEM supple-
mented with 10% FBS and penicillirstreptomycin. HL-60

NADH, pyruvate kinase, lactate dehydrogenase, and penicil- cells were grown in RPMI medium 1640 supplemented with
lin—streptomycin were purchased from Sigma. DTT was 10% FBS and penicillir-streptomycin.

from New England Biolabs, RPMI medium 1640 was from
Life Technologies, Inc., DME medium was from CellGro,

General Procedure for the Synthesis of Ketone-Containing
N-Acylmannosamine Dertives.To a solution of the keto

and fetal bovine serum (FBS) was from HyClone Laboratory. acig (1.1 equiv) in distilled THF 0.2 M) was added

Hygromycin B (HygB) and geneticin were from Boehringer.

triethylamine (1.1 equiv) under nitrogen, and the reaction

All protease inhibitors were from Sigma except Pefabloc, mixture was stirred. After 10 min, isobutyl chloroformate

which was from Boehringer-Mannheim. f4€]Mannosamine

(1.1 equiv) was added dropwise by syringe, during which

hydrochloride was purchased from American Radiolabeled time a white precipitate formed. The reaction mixture was
Chemicals. All reagents used for chemical synthesis were stirred vigorously for 5 h. The anhydride generated was used
obtained from commercial suppliers and were used without directly in the next step.

further purification. Fast atom bombardment (FABmass

To a solution of mannosamine hydrochloride (1.0 equiv)

Laboratory. Mass spectra of acetylated mannosamines wergyiethylamine (1.3 equiv). The reaction mixture was stirred

obtained with a Bruker 3000 electrospray ionizatigon trap
instrument in the positive mode by flow injection in

for 30 min, and the anhydride solution was added slowly,
giving a final reaction mixture in 2:1 THFA® as solvent.

acetonitrile. Mass spectra of sialic acids were obtained by The reaction mixture was stirred vigorously for 24 h. The
electrospray ionization in the negative mode using ESI-MS solvent was then removed in vacuo, and the resulting foam
(Hewlett-Packard 1100 Series MSD). Cell densities were was passed through cation (Bio-Rad AG50W-X8 pyridine
determined using a Coulter Counter-ZM. Flow cytometry form) and anion (Bio-Rad AGI-X2, acetate form) exchange

analysis was performed on a Coulter EPICS XL-MCL
cytometer using a 488 nm argon laser. At least vi@ble

columns, eluting with water. The resulting yellow amorphous
foam was purified by silica gel chromatography, eluting with

cells were analyzed from each sample. High pH anion- agradient of 20:1 to 5:1 CH@ICH;OH, to yield the desired
exchange chromatography (HPAEC) was performed using product as a white amorphous foam, which was characterized
a Dionex system equipped with a CarboPac PA1 column, aas a mixture of anomers. Full synthetic methods and
pulsed amperometric detector (PAD), and an in-line flow characterization are available in the Supporting Information.

scintillation counter (Packard, Meriden, CT). The system was

run at a flow rate of 1 mL/min. All biological experiments
were performed in duplicate.

General Procedure for Synthesis of N-Acylmannosamine
Derivatives. To a solution of mannosamine hydrochloride
(1.0 equiv) in methanol (200 mM) was added a solution of
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NaOMe in methanol (0.5 M, 1.0 equiv), and the reaction were counted and assayed for sialic acid levels by the
mixture was stirred for 1 h. The desired acyl anhydride (1.1 periodate-resorcinol assay2@). The cells were washed twice
equiv) was added to the solution, and the reaction mixture with 1.0 mL of PBS, pelleted, resuspended in 200 of

was stirred and monitored by TLC. Upon depletion of the PBS, and divided into two 106k aliquots. Cell lysates were
starting material, the solvent was removed in vacuo, and theachieved by four freeze/thaw cycles; the lysates were then
material was purified by silica gel chromatography eluting analyzed by the method of Jourdia2g) adapted for a 96-
with EtOAc/hexanes to yield the desired product, which was well plate format. Oxidation of each sample was performed

characterized as a mixture of anomers. at both 0 and 37C to give values for total sialic acid or
General Procedure for Synthesis of 1,3,4,6-Tetra-O-acetyl- glycoconjugate-bound sialic acid (including CMBialic
N-acylmannosamine Demtives.N-Acylation with the de- acid), respectively. After 2 days of incubation, the levels of

sired acid or anhydride was performed as described abovesialic acid in the Jurkat cells reached equilibrium. Aliquots
but without purification. The solvent was then removed in of cells were harvested and assayed daily for a period of 2
vacuo, and the crudd-acylmannosamine was dissolved in  weeks. Control experiments using authentic ChRilic acid
pyridine (200 mM), to which acetic anhydride (100 mM) confirmed that no hydrolysis occurred during either freeze/
was added. The reaction mixture was stirred ferld h. thaw cycles or the 37C oxidation step. Control experiments
The solvent was then removed in vacuo, and the residue wador the periodate resorcinol assay confirmed that discrimi-
dissolved in CHCI,, washed successively with Cu$(0.25 nation between the free and glycoside-bound forms of sialic
M), saturated NaHC¢) and water, dried over NaSQOand acid is essentially quantitative.
concentrated. The resulting residue was purified by silica  Preparation of Cytosolic Extracts for Mass Spectrometry
gel chromatography, eluting with a gradient of 10:1 to 2:1 Analysis.Jurkat cells were grown in 10 cm tissue culture
hexanes/EtOAc to yield a white amorphous foam which was plates, seeded at cell densities of approximately 500 000
characterized as a mixture of anomers. cells/mL in 20 mL of media. These cultures were supple-
Synthesis of‘C-Labeled Acetylated Mannosamine Deri mented with the appropriate volume og-Ac;ManNAc
tives.[1-*4C]Mannosamine hydrochloride (Qu8nol, 50uCi) (compounddd), Acs;ManProp (0b), Ac;ManBut (L1b), Ac,-
was dissolved in 2@L of 50 mM NaOMe in MeOH in an ManPent 12b), or AcsManLev 3b) as an EtOH solution to
Eppendorf tube and incubated for 2 h. A solution of the give a final concentration of 20@M. The cells were allowed
desired alkyl anhydride in MeOH (1/4mol, 2 uL of a 550 to incubate under typical growth conditions for 36 h. The
mM solution) was added, and the reaction was allowed to cells were counted, washed three times with PBS, and
proceed overnight. The reaction was followed by TLC (5:1 resuspended in 200L of H,O. Lysis of these cells was
CHCIy/MeOH), and the TLC plate was visualized by accomplished by three freeze/thaw cycles. The membrane
phosphorimaging. When the reaction was complete, the components were pelleted by centrifugation using a benchtop
solvent was evaporated and the residue was purified by silicacentrifuge at 20 80§ for 15 min. The supernatant was
gel chromatography, eluting with a gradient of 20:1 to 5:1 transferred to a Centrifree column (Millipore, Bedford, MA)
CHCIs/MeOH. Fractions containing radioactivity at the to remove all large proteins and particles. The filtrate was
correctR were combined, and the solvent was removed. The directly analyzed for the presence of sialyl compounds by
resulting pure mannosamine derivative was dissolved in 50 ESI-MS, eluting with 95% CBELCN/5% HO. When an
uL of pyridine, to which was added 2xL of acetic internal standard was desired, a solution'8€[NeuAc was
anhydride. The progress of the reaction was followed by TLC added to the sample to give a final concentration of A00
(EtOAc). Upon completion, the solvents were removed, the before analysis by ESI-MS.
residue was dissolved in EtOH, and the yield was determined  Analysis of Cytosolic Metabolites Produced from Radio-
by scintillation counting of 0.1% of the solutioHC-Labeled labeled Substratesdlurkat cells were incubated at a density
compounds were characterized by ESI mass spectrometrypf 1 x 1C° cells/100uL in a 96-well tissue culture plate
confirming the absence of contaminatifif-labeled per-  with 200 nCi of peracetylated4C]mannosamine derivatives.
acetylated ManNAc {{C]AcsManNAc, compoundg) in the Unlabeled substrate was added in some cases, in varying
unnatural derivatives. concentrations up to 200M. The addition of cytidine (1
Quantification of Cell Surface Ketone£ell surface mM) was used in some cases to increase conversion of sialic
ketones were quantified after incubating cells with unpro- acid to CMP-sialic acid. Cells were incubated for 20 h, then
tected or peracetylated sugars for 2 days. Generally, con-pelleted, and washed twice with 0.5 mL of PBS. Cells were
centrations of 5 mM unprotected sugar or—BD uM then suspended in 150 of water and lysed by four freeze/
acetylated sugar were used. The cells were labeled with biotinthaw cycles, after which time the samples were maintained
hydrazide followed by FITEavidin staining according to  at 4 °C. The lysate was cleared of macromolecules using
a previously published procedur&g( 20). Microcon filters (Millipore), 30 000 and 3 000 kDa cutoff,
Colorimetric Analysis of Sialic Acid Deratives. The sequentially. The cleared lysate was dried and dissolved in
appropriate volume of a solution of the desired compound 80 uL of water, and 2Q:L aliquots were analyzed by
(100 mM in ethanol, compoun@®b—13b) was added to 8.0 HPAEC followed by flow scintillation counting. Two dif-
mL of Jurkat cells at a density of & 10° cells/mL to give ferent gradients were used to ensure that peaks corresponded
final concentrations of 25, 50, 75, 100, 150, and 200 In to authentic standards. Gradient A: 25 mM NaOH for 10
addition, equivalent volumes of ethanol were added to cells min; ramp to 45 mM NaOH, 200 mM NaOAc over 15 min;
to serve as negative controls. Approximately every 24 h, 4.0 ramp to 140 mM NaOH, 300 mM NaOAc over 15 min and
mL of the cell suspension was removed and replaced with hold for 15 min; ramp to 25 mM NaOH over 5 min and
an equal volume of complete medium containing the original hold for 20 min. Gradient B: ramp from 25 mM NaOH to
concentration of the appropriate substrate. The harvested cell§0 mM NaOH, 200 mM NaOAc over 10 min; ramp to 140
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mM NaOH, 600 mM NaOAc over 5 min and hold for 5 120
min; ramp to 25 mM NaOH over 5 min and hold for 10 Hfree (a)
min. Peaks were identified by comparing elution times to  _ 100 M peracetylated (b)
those of authentic standards. ManNAc, sialic acid, and £ 80 -
CMP—sialic acid standards were commercially available. -
ManNAc-6-phosphate was chemoenyzmatically synthesized ,ﬁ 60
using hexokinase?d). Peaks were integrated using Flo-ONE g
analysis software (Packard, Meriden, CT). 5 401
In Vitro Enzyme Assay for ManNAc 6-KinasdDP- z 20 4
GIcNAc 2-epimerase/ManNAc 6-kinase was overexpressed
in Sf9 cells as previously reporteds). The cells (about 100 0 T T —— T T T
uL pellet volume) were lysed in 1 mL of 10 mM NaRO, 1 2 3 4 5 6 7 8

with 1 mM EDTA, 1 mM DTT (pH 7.5), and 1uL of
inhibi ktail (1 LI in, 2 L
protease inhibitor cocktail (1 mg/mL leupeptin, 2 mg/m Ficure 3: Expression of cell surface ketones on Jurkat cells using

antipain,_ .20 mg/mL turkey trypsin inhibitor, 1(_) _mg/mL free @) and peracetylated} mannosamines. Free sugars were used
benzamidine, 5 mg/mL Pefabloc, 2 mg/mL aprotinin) by 20 4t 5 mM and peracetylated sugars were used atM0MFI =

passages through a narrow bore needle. The cytosol wasnean fluorescence intensity. Error bars represent the standard
clarified by centrifugation (160@ffor 30 min at 4°C). The deviation of the mean for at least three replicate experiments.
supernatant was purified on a HiTrap Q-Sepharose column o _
(Pharmacia, Sweden) as follows: the column was loaded followed by FITC-avidin (18). Analysis of labeled cells by
with the clarified cytosol and washed with 5 mL of 10 mM  flow cytometry produced the data depicted in Figure 3. Cells
NaH,PO;, 1 mM EDTA, and 1 mM DTT (pH 7.5), and the  treated with compoun@a (ManLev) showed a high level
protein was eluted in the same buffer using a gradient from of fluorescence and were used as a positive control for this
0 to 600 mM NaCl over 10 mL (0.5 mL fractions). The €experiment. The majority of detectable ketones on Jurkat
desired protein (MW= 75 kDa) eluted in approximately 300  cells has been previously shown to reside Miinked
mM NaCl and was approximately 90% pure as determined glycoproteins 18). .
by SDS-PAGE analysis (10% gel, Coomassie stain). Compoundda, which bears arN-acyl group that is one
Purified enzyme (1QuL) was added to a preincubated methylene unit longer than the five-carbon side chain of
mixture that contained 5 mM desired substrate, 10 mM ATP, ManLev, produced drastically reduced fluorescence com-
2 mM PEP, 0.2 mM NADH, 2 units of pyruvate kinase, and pared to ManLev. Likewise, treatment of cells with com-
2 units of lactate dehydrogenase in 60 mM Tris and 10 mM pound7a, a methylated version of ManLev, resulted in only
MgCl,, pH 8.1 (total reaction volume= 0.1 mL). The background levels of fluorescence. Compoagroved to
enzymatic reaction was monitored at 340 nm with a be unstable in cell culture media and generated variable
SpectraMAX 190 UV/vis microplate reader (Molecular ketone expression in cells between 15% and 60% of that
Devices) over 15 min or until the reaction rate began to OPServed using ManLev. The remaining compourtss(

plateau. Initial rates were determined using SOFTmax PRO&nd 8) produced no detectable ketones on Jurkat cells, as

Compound

3.1 software (Molecular Devices). determined by the observation of only background fluores-
cence levels.
RESULTS To investigate whether these analogues function as inhibi-

tors rather than substrates of the pathway, we co-incubated

Synthesis of Mannosamine Deatives. We designed a  ManLev with the eight-carbon analogée. No reduction
panel of mannosamine analogues, shown in Figure 2A,in ketone expression was observed at concentratioiGs of
bearing side chains that are longer, shorter, or more stericallythat were 3-fold higher than ManLev, suggesting tais
demanding than the five-carbon side chain of ManLev not blocking normal metabolic processes (Supporting Infor-
(compound3). Compound2 has an acetoacetyl side chain mation).
that is one methylene unit shorter than the side chain of The human cell lines HL-60 and HelLa were also incubated
ManLev, and compoundé-6 have successively longer side  with the unnatural mannosamines. The results from these
chains of six, seven, or eight carbon atoms, respectively. experiments echoed observations from the similar experiment
Compounds’ and8 have side chains of the same length as ysing Jurkat cells (Supporting Information). These results
found in ManLev but present greater steric demands due tosuggest that metabolic discrimination between ManLev and
an added methyl group7) or cyclopentanone ring8j. larger, untolerated analogues is a general feature of the
Finally, compoundl is isosteric with the native substrate human sialic acid biosynthetic machinery. These cell lines
ManNAc; substitution of the NH group with a methylene exhibit different patterns of glycosylation, including varying
group generates the ketone functionaliB6)i Some com-  |evels ofa2—3- anda2—6-linked sialic acids as determined
pounds were prepared in both fre @nd peracetylated} by lectin binding studies (Supporting Information). In
forms to address possible differences in cellular uptake of addition, we have previously demonstrated the incorporation
the unprotected mannosamine analogues (vide infra). of N-levulinoyl sialic acid into CD43 bearing2—3-linked

Cellular Metabolism of Unnatural Ketone-Containing sialic acids 27) and NCAM bearingx2—8-linked sialic acids
Mannosamine Analoguedurkat cells were incubated with  (28), suggesting the corresponding sialyltransferases are
compound® and3a—8a (5 mM, 2 days) and evaluated for  similarly tolerant of the unnatural side chain. Overall, these
metabolic incorporation of the corresponding sialic acids into results suggest that sialyltransferases are relatively uniform
cell surface glycoconjugates by staining with biotin hydrazide in their permissivity toward unnatural CM#3ialic acids.
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Peracetylated monosaccharides have been shown to pas- A
sively diffuse through mammalian cell membranes and 950 1
undergo subsequent deacetylation by cytosolic or ER es-
terases9). We hypothesized that any discrimination against
unnatural substrates at the level of cellular uptake would be
circumvented by their acetylation. We therefore synthesized
peracetylated monosaccharideand3b—8b and incubated
them with Jurkat cells for 2 days at concentrations of-50
100 uM. Interestingly, compoundl, the analogue most
similar to ManNAc in structure but lacking the hydrogen-
bonding capability of the amide NH, was not converted to
cell surface sialosides at a detectable level. Compo8béds 50
8b were converted into cell surface sialosides at the same 0 50 100 150 200
relative level as their unprotected counterparts (Figure 3).
Specifically, compoun@b was metabolized to a significant
extent, while the longer or bulkiek-acyl analogues were

700 4

450 1

200 4

Sialic acid
(percentage over background)

Substrate concentration (pM)

vy)

metabolized to a lesser or undetectable extent. Since the 0E+09 E Total sialic acid MNonreducing sialic acid
mechanism of cellular uptake does not affect the metabolic 3 5E+09 -
fate of these derivatives, we conclude that their discrimination §
occurs at a downstream step in the process. 3 4E*091
A substantial practical benefit of the peracetylated sugars ¥ “3E+09
is that these protected mannosamines can be utilized at %
concentrations approximately 200-fold less than the free g 2E+09 1
sugars while producing similar levels of cell surface ketones L
(30). Since this effect was seen for all mannosamines tested & 1091 s
thus far, in most subsequent experiments the more efficient oE+00 1B i
peracetylated mannosamines were used for cellular assays. EtOH 9b 10b 11b 12b  13b
Colorimetric Analysis of Cellular Sialic Acids Produced only

g - Compound (200 pM)
from N-Acyl Mannosamine Analogud® determine whether _ o _ _
SFIGURE 4: Analysis of cellular sialic acids by periodateesorcinol

_unr_1atura| mannosamines were be.'”g converted to sialic ?C'd analysis. (A) Dose response of sialic acid synthesis in Jurkat cells
inside the cells, we analyzed the intracellular concentrations yreated with compound8b—13b. Total sialic acid per cell was

of total (reducing and nonreducing) and glycoside-bound measured using the periodatesorcinol assay as described in
(nonreducing only) sialic acids using cells treated with Materials and Methods. Levels are reported as percent over
different substrates. The two forms of sialic acid can be Pbackground signal, measured using ethanol-treated control cells.

L - . . mvidat (B) Temperature-dependent discrimination between free sialic acid
discriminated by the periodatgesorcinol assay; oxidation 4,4 honreducing sialic acid using the periodetesorcinol assay.

at 0 °C measures total sialic acid, and oxidation at°g7 Jurkat cells treated with 20M compound®b—13bwere analyzed
measures glycoside-bound sialic acid. The concentration ofat both 37 and 6C, and the data were reported on a per cell basis.

free (reducing) sialic acid can be determined by subtracting Free sialic acid levels can be determined by subtracting the

the latter from the former. The results of periodate nonreducing sialic acid level from the total sialic acid level. Error
resorcinol assays are showﬁ in Figure 4 bars represent the standard deviation of the mean for at least 12

- . replicate experiments.
We observed a substrate concentration-dependent increase

in total cellular sialic acid levels that was inversely correlated  Mass Spectral Analysis and Quantification of Cytosolic
with the length of the substrated-acyl side chain (Figure  Sialic Acids.To definitively prove the identity of the sialic
4A). Not surprisingly, the natural substrate ;ManNAc acids derived from unnatural substrates, we performed mass
(compounddb) produced the largest increase in total sialic spectrometry analysis of the cytosolic components of the cell.
acid levels, although AdlanProp (Ob) also supported  Jurkat cells were incubated with the acetylated mannosamine
significant levels of sialic acid production. AdanBut (L1b) derivatives and harvested, and their cytosolic components
generated an intermediate response, whilgviemPent {2b) were prepared for mass spectral analysis. In a control
and AgManHex (3b) produced sialic acid levels that were experiment, Jurkat cells were treated withAcsManNAc

only marginally above background. Figure 4B shows that (9d). As previously mentioned, Jurkat cells do not store large
in ethanol-treated control cells (as well as untreated cells, amounts of free sialic acid, as seen from the lack of a peak
not shown) there is virtually no sialic acid in the free corresponding to a molecular weight of 308.3 in untreated
monosaccharide form. Upon incubation with ;AanNAc cells (Figure 5A). Cells incubated witbds-AcsManNAc,

(or analogues), typically 2025% of the increase in total however, show the corresponding mass pealdfddeuAc
sialic acid can be attributed to CMRialic acid and at 311.3 (Figure 5B), which can be clearly distinguished from
downstream glycoconjugates. Therefore, the bulk of the endogenous sialic acid. Corresponding sialic acid peaks for
signal represented in Figure 4A is due to sialic acid or sialic cells incubated with A¢ManProp (0b), AcsManBut (L1b),
acid-9-phosphate present in the free monosaccharide formand AgManPent {2b) were also detected at 322.3 (Figure
of the sugar. These results suggest that whilgMenProp 5C), 336.3 (Figure 5D), and 350.3 (Figure 5E), respectively.
(10b) is converted to the corresponding sialic acid at near- When Jurkat cells were incubated with AManLev @3b) at
native levels, the longer side chain analogugsb(-13b) 200uM, no mass signal at 364.3 could be detected (Figure
are metabolized with lower efficiency. 5F). To compare unnatural sialic acid levels across the
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Ficure 5: Mass spectral analysis of cytosolic sialic acids. Jurkat cells were treated with the indicated mannosamine for 36 h. After lysis,
the cytosolic fraction was analyzed by electrospray mass spectrometry (ESI-MS) in the negative mode. Arrows indicate the peaks corresponding
to the molecular weight of the expected sialic acid analogue in its deprotonated (negatively charged) state.

substrate panel, an internal standarQJNeuAc, m/z at minute to be detected. Furthermore, the peak area ratios
309.3) was added to the sample during analysis. Suchvaried with added unlabeled substrate and added cytidine in
comparisons revealed that the amount of sialic acid analoguea predictable fashion, thereby ensuring that the assay is
within the cell decreased as the alkyl chain length on the sensitive enough to sense changes in the flux of the pathway.
N-acyl position of mannosamine increased. The absence ofTo determine the length of incubation that would result in
a detectable peak for unnatural sialic acid in ManLev-treated optimal conversion of radiolabeled substrates, a time course
cells suggests that the ketone group further diminisheswas performed using compounéc (Figure 6B). This
conversion to sialic acid compared to the methylene analogueexperiment indicated that, at least for/ManNAc, conver-

ManPent. sion of exogenous peracetylated substrate to cytosolic
Analysis of Cytosolic Mannosamine Metabolites Using intermediates was optimal between 20 and 24 h.
[*“C]AcsManNAc. To dissect all intermediates in the bio- Analysis of Cytosolic Unnatural Mannosamine Metabolites

synthetic pathway, we developed an HPAEC assay thatUsing!“C-Labeled N-Acyl Substrate&.panel of unnatural
quantified the products from radiolabeled mannosamine *“C-labeledN-acyl mannosamines was used in metabolic
analogues. Initially, Jurkat cells were treated witiC]Ac,- radiolabeling experiments as described above to determine
ManNAc (9¢) along with various concentrations of unlabeled the efficiency of transformation of each unnatural man-
Ac;ManNAc, with or without added cytidine. Figure 6A nosamine to its downstream products, as compared to the
shows HPAEC traces that clearly define each intermediate natural substrate. Figure 7A shows the HPAEC/flow scintil-
along the pathway, with the exception of sialic acid lation traces generated using this substrate panel. The
9-phosphate, which is presumably present in quantities tooretention times of peaks changed slightly depending on the
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A acid. This effect correlates directly with the length of the
Sia —~ N-acyl chain (Figure 7C). At 2@M substrate, the ratio of
CMP-Sia sialic acid to CMP-sialic acid appeared to hold constant at
MN MN6P J about 2:1 in cells treated with*C]AcsManNAc or FCJAc,-

| ~ A ManProp (compound.Og. However, the ratio of ManX
A A (where X indicates the unnatutdfacyl side chain) to ManX-
Nontreated cells 6-phosphate changed drastically with even minor modifica-
tion to the substrate. For example, in Figure 7B, there were
approximately equal levels of ManNAc and ManNAc-

6-phosphate in cells treated with the natural substi@ité (

c), but treatment with fC]AcsManProp (0¢ yielded no
MM/\MJ ManProp-6-phosphate within the limits of detection, even
20 uM AcsManNAc though cytosolic ManProp accumulated to a level about
6-fold higher than that seen with the natural substrate (Figure
7B).
To determine whether unnatural mannosamines or their
A N Prodronr metabolites may act as inhibitors of natural sialoside bio-

synthesis, we utilized a modified radiolabel HPAEC assay.
Jurkat cells were treated with"C]AcsManNAc (compound

90) as a tracer for natural sialoside synthesis, and unlabeled
unnatural mannosamine compouni8i{—13b) were added

at 20uM. The results of HPAEC/flow scintillation analysis
are shown in Figure 8. As expected, cells treated with Ac
ManNAc exhibited increased transformation of ManNAc
6-phosphate to sialic acid compared to untreated cells. Cells
B treated with AgManProp (0b) showed a response inter-

20 uM AcsManNAc

20 pM AcsManNAc, 1 mM cytidine

3500 mediate between untreated andsManNAc-treated cells;
—O0—MN .. . .
30001 = o~ wmnep potentiation of the pathway resulted in an increased level of
s 500 - - sa sialic acid. In contrast, thg I(_)n_ger analogues. (qompounds
8 —e—cCMP-Sa & - 11b—13b) showed neither inhibition nor potentiation of the
‘é’ 2000 - natural pathway.
< 1500 - In Vitro Assay of ManNAc 6-Kinase Adgity Using
= Unnatural SubstratesSince it appeared from cell-based
8 1000 1 assays that unnatural mannosamine derivatives were not
500 - being efficiently phosphorylated in the first step of the
0 biosynthetic pathway, we performed in vitro assays with the
0 10 20 30 enzyme responsible for this activity, ManNAc 6-kina3&)(
Duration of incubation (h) The enzyme exists as part of a bifunctional protein that
FIGURE 6: Metabolic conversion studies dfC]AcsManNAc. (A) catalyzes the formation of ManNAc from UDP-GIcNAc and

HPAEC/flow scintillation analysis of cytosolic sialoside pathway itS subsequent phosphorylation. The kinase also acts on

intermediates. Jurkat cells were treated with 200 nCi of compound exogenously added ManNAc2%). Using the partially
9c and unlabeled compour@b for 20 h. The cytosolic fraction pyrified human enzyme that had been overexpressed in Sf9
was isolated and analyzed as described in Materials and Methods

Peaks were identified using authentic standards of the intermediates]nsect cells, we tested the panel of mannosamine derivatives

noted, by comparing elution times using two separate elution &S Substrates in a coupled enzyme spectrophotometric assay
methods. (B) Time course for metabolic conversion of compound (32). The screen was performed using ATP at a concentration
9c by the sialoside biosynthetic pathway. 200 nCi of compound of 10 mM and the desired substrate at 5 mM. As shown in
Ihcubated with Jurkat cells over 30 e and aiquots were analyzed F/9Ur€ 9: the enzyme showed reduced activity toward
every 6 h. Chromatograms generated by HPA?EC/row scintilla)tlion unnatural sub_s'gr_ates. ManProp and ManLev were phospho-
counting were integrated to calculate peak area in units of CPM, 'ylated at an initial rate about 6-fold lower than the natural
and error bars represent the average deviation of two chromatog-substrate, and ManBut and ManPent were not measurably
raphy runs. Abbreviations: MN= ManNAc, Sia= sialic acid, turned over by the enzyme. The activity of the partially
MNG6P = ManNAc-6-phosphate, and CMP-SiaCMP—sialic acid.  yrified enzyme toward GIcNAc was also tested to confirm

. . the absence of other contaminating sugar kinases, i.e.,
substrate used, due to the increased hydrophobicity of theg|cnac kinase. Clearly, this initial step of the sialic acid

N-acyl chains. Substrates without ketonéb-13b) were pathway is quite restrictive with respect to unnatural
used in these experiments due to the instability of ketone- ¢ \psirates.

containing sugars under the conditions of HPAEC.

The results of two experiments performed with different piscussioN
substrate concentrations are shown in panels B and C of
Figure 7. Compared to the natural substratéC]Acs- In this study we probed the unnatural substrate tolerance
ManNAc (9c), the unnatural substrates showed decreasedof the sialoside biosynthetic pathway toward C-2 modifica-
conversion ofN-acylmannosamine to the corresponding sialic tions of ManNAc. In an initial cell-based assay, which
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FIGURE 7: Metabolic conversion studies of unnatut&C-labeled mannosamine compounds. (A) HPAEC/flow scintillation analysis of
cytosolic intermediates from Jurkat cells treated with unnatural mannosamine derivatives. Jurkat cells were treated with approximately 200
nCi of compound®c—13¢ 20uM corresponding unlabeled mannosamine (compo@hesl3b), and 1 mM cytidine for 20 h. (B) Conversion

of mannosaminedc—13cto downstream metabolites with 20 unlabeled substrate and 1 mM cytidine for 20 h. Peak areas were normalized

and reported as a percentage of total CPM from each run. Data points represent the average peak areas of two separate chromatograms, ant
error bars represent the average deviation. (C) Conversion of mannos@uiri3to downstream metabolites with 2@® substrate and

1 mM cytidine. Abbreviations: ManX= N-acylmannosamine analogue, ManX&PN-acylmannosamine-6-phosphate analogue,=Sia

sialic acid analogue, and CMP-Sia CMP—sialic acid analogue.

exploits a uniquely reactive ketone group within cell surface preventing binding to an active site or catalytic activity. The
metabolic products, substrate tolerance of the entire pathwayamide group at C-2 is therefore a critical determinant that
could be probed without perturbing the subcellular organiza- cannot be replaced in an unnatural sialic acid precursor.
tion of its components. In contrast to conventional biochemi- A major finding of these initial experiments is that the
cal assays for substrate recognition, this approach tests alkialic acid biosynthetic pathway is highly sensitive to
biosynthetic enzymes at once, along with intracellular elongation of the side chain beyond five carbon atoms.
transporters, and lends itself to high-throughput analysis by Extension of the chain to six, seven, or eight carbon atoms
flow cytometry. caused a precipitous drop in the efficiency (compared to
We found that substitution of the amide group at C-2 of smallerN-acyl groups) of metabolism to cell surface sialo-
ManNAc with a ketone, as in compount] disrupted sides in all cell lines tested. Moreover, subtle increases in
processing of this compound by the sialoside biosynthetic steric bulk, such as methylation or addition of a ring, also
pathway. This could be attributed to subtle changes in compromised metabolic conversion to the cell surface
structure or the loss of key hydrogen-bonding interactions, product in all cell lines tested. Thus, one or more enzymes
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3000 small but detectable amount of the corresponding sialic acid.
o500 | EManNAc MManNACSP DSia BCMP-Sia We used a radiolabel HPAEC assay to measure the relative
s levels of multiple intermediates of the pathway at once. The
& 2000 observation of a buildup of any individual intermediate
E 1500 - derived f_rom an unnatu_ral mannosamine indirectly implicates
& the previous enzymatic step as a bottleneck for unnatural
%1000 sialoside biosynthesis. Results generated using'tGe
Q 500 labeled panel, compoun8s—13c as well as in vitro enzyme
= assays indicated that ManNAc 6-kinase is intolerant of even
04 % 2 : 4 . modest changes in substrate structure such that unnatural
None 9b  10b t1b 12b  13b products cannot accumulate to detectable levels. However,
Compound (20 uM) cells fed unnatural compounds), 11, and 12 generated

) . - detectable amounts of sialic acid. It is possible that
FIGURE 8: Effects of mannosamine8i{—13b) on natural sialoside | - ted directly into siali id
biosynthesis. Jurkat cells were incubated with 200 nCi of compound ¢Y'mannosamines are convertead directly Into sialic acids

9c, 20 uM compounds9b—13b, and 1 mM cytidine for 20 h. by sialic acid-9-phosphate synthase, bypassing the phospho-
HPAEC/flow scintillation analysis and integration of peaks gener- rylation step entirely. However, previous in vitro assays did
ated the data shown, and error bars present the average deviatiofot detect any synthase activity on unphosphorylated Man-
of two chromatographic runs. NAc (33). Sialic acid aldolase, which normally operates in
35 the direction of sialic acid decomposition, might also be

- 304 capable of converting unnatural mannosamines into sialic
E 25 . acids under the right cellular conditions. Indeed, a bacterial
5 20 homologue has been 's.hown to be quite permig;ive with
Q 15 4 respect to thé\-acyl position of the substrat@4). Addition-
E ally, GIcNAc 6-kinase can utilize ManNAc as a substrate,
% 104 albeit with 100-fold lower efficiency than GIcNAc, providing
o 2 i an alternative route to ManNAc 6-phosphate from ManNAc
A T j (35).
%a a  Ma 12a Sa  CleNAc Using unnatural substrates, we did not observe the
Compound (5 mM) accumulation of ManX-6-phosphate in cells. Thus, any

FIGUREQ: Substrate specificity of the ManNAc 6-kinase. Partially ManX- 6-phosphate that is generated by the action of either
purified enzyme was incubated with the mannosamine analoguesManNAc or GIcNAc 6-kinase must be immediately con-

(compounda—12aand3a, 5 mM) and ATP (10 mM), and the  verted to sialic acid, suggesting that the two intervening

formation of product was quantified using a coupled enzyme assay iali id-0- iali id-
system (see Materials and Methods). Data shown represent th enzymes (sialic acid-9-phosphate synthase and sialic acid

average of three assay points, and error bars represent the standael%'phOSphate_ phosphatase) are relatively more permissive.
deviation of the mean. In conclusion, we have identified ManNAc 6-kinase as a

bottleneck step in the biosynthesis of unnatural sialic acids.
or transporters in the pathway are unable to transform the This enzyme is therefore an attractive target for genetic
larger analogues. The initial step, uptake of the analoguesengineering with the goals of relaxing substrate specificity
from the media, was ruled out as a point of stringency or and expanding the scope of sialic acid-based cell surface
“bottleneck” since peracetylated derivatives were metabolized engineering. We think it likely that enzymes further down-
to sialosides at the same relative levels as the free sugarsstream are also contributing to unnatural substrate discrimi-
Since exclusion of the longeX-acyl chains was largely  nation; it is possible that multiple bottlenecks exist. Further
independent of the type of sialic acid linkages found on the biochemical and metabolic experiments should identify
cells, one or more steps prior to the sialyltransferases areadditional enzyme targets for genetic engineering.
most likely responsible for the initial metabolic blockade.

To explore the intracellular basis for the differential cell ACKNOWLEDGMENT

surface expression of various unnatural sialosides, we
developed colorimetric, mass spectral, and radiolabel HPLC
assays using whole-cell lysates to quantify metabolic inter-
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nosamine substrate. Mass spectral analysis corroborated thesef HeLa and HL-60 cells by ketone-specific and lectin-based
results. Interestingly, two substrates of identical side chain flow cytometry. This material is available free of charge via
length can have different metabolic conversion efficiencies. the Internet at http:/pubs.acs.org.
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