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Abstract Carbohydrates, in addition to their metabolic func-
tions, serve important roles as receptors, ligands, and structural
molecules for diverse biological processes. Insight into carbo-
hydrate biology and mechanisms has been aided by metabolic
oligosaccharide engineering (MOE). In MOE, unnatural carbo-
hydrate analogs with novel functional groups are incorporated
into cellular glycoconjugates and used to probe biological sys-
tems. While MOE has expanded knowledge of carbohydrate
biology, limited metabolism of unnatural carbohydrate analogs
restricts its use. Here we assess metabolism of SiaDAz, a
diazirine-modified analog of sialic acid, and its cell-permeable
precursor, Ac;ManNDAz. We show that the efficiency of
Acy;ManNDAz and SiaDAz metabolism depends on cell type.
Our results indicate that different cell lines can have different
metabolic roadblocks in the synthesis of cell surface SiaDAz.
These findings point to roles for promiscuous intracellular es-
terases, kinases, and phosphatases during unnatural sugar me-
tabolism and provide guidance for ways to improve MOE.
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Introduction

Sialic acids are typically located at the non-reducing ter-
mini of glycans. When attached to cell surface proteins,
this location positions sialic acid distal from the cell sur-
face, an ideal position to modulate extracellular recogni-
tion events. Indeed, sialic acids are implicated in a wide
variety of physiological processes such as neural develop-
ment and leukocyte homing, as well as pathological pro-
cesses such as viral infections and cancer [1]. In select
cases, the sialylated molecules that mediate these recog-
nition events are known [2], but in many instances the
identities of the relevant interaction partners remain poor-
ly defined. In efforts to probe the functional roles of
sialylated molecules, metabolic oligosaccharide engineer-
ing (MOE) has emerged as an important tool [3].

MOE refers to the use of variant monosaccharide analogs
that can be metabolized by living cells and incorporated into
glycoconjugates in place of the naturally occurring sugars [4].
Variant monosaccharides differ from the natural sugars by
addition of steric bulk, or by modification with bioorthogonal
or other functional groups. While MOE has been used to re-
place a variety of naturally occurring monosaccharides, the
earliest and widest successes have come in the area of sialic
acid, where dozens of analogs have been shown to be meta-
bolically incorporated into mammalian glycoconjugates [3,
5]. Specifically, the metabolic incorporation of modified sialic
acid analogs can be achieved by simply culturing cells with
unnatural sialic acid analogs. Alternatively, it is possible to
take advantage of the sialic acid biosynthetic pathway of
mammalian cells in which sialic acids are produced from N-
acetylmannosamine (ManNAc). In this approach, cells can be
cultured with unnatural ManNAc analogs, which are metabo-
lized to their sialic acid counterparts and then incorporated
into glycoconjugates.
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One application of MOE is in the metabolic incorpora-
tion of photocrosslinking sialic acid analogs. These re-
agents have been developed to identify binding interac-
tions that depend on sialic acid. Both metabolically incor-
porated photocrosslinking sialic acid analogs and
ManNAc precursors have been described [6-9].
Photocrosslinking sialic acid analogs can be activated by
UV irradiation, producing a reactive species that forms a
covalent adduct with neighboring molecules [10]. The
resulting crosslinked complexes can be analyzed to iden-
tify sialic acid-dependent binding interactions. Indeed,
one photocrosslinking sialic acid analog, 9-aryl azide
NeuAc (9-AAz-NeuAc), enabled elucidation of the bind-
ing partners of CD22, a sialic acid-recognizing protein
that regulates B-cell activation [7, 11].

While MOE is a powerful approach, some limitations exist.
In particular, the utility of MOE is limited by the efficiency
with which the unnatural analog replaces the natural mono-
saccharide in glycoconjugates [12]. For instance, achieving
efficient incorporation of a photocrosslinking sialic acid
into cell surface glycoconjugates would increase the like-
lihood of crosslinking to a binding partner and provide
more material for biochemical evaluation (i.e., immuno-
blot or mass spectrometry analysis). Both sialic acid and
ManNAc analogs are polar molecules that cross the plas-
ma membrane inefficiently, so these compounds typically
must be used at millimolar concentrations to achieve ad-
equate incorporation. Thus, large quantities of the sugar
analogs are required. Alternatively, compounds may be
protected by peracylation to yield more lipophilic mole-
cules that can readily traverse the plasma membrane [13,
14]. Inside cells, the acyl protecting groups are postulated
to be removed by endogenous esterases, yielding free sug-
ar analogs that can be metabolized to glycoconjugates. In
some cases, efficient analog incorporation can be
achieved with protected sugars used at concentrations
nearly three orders of magnitude lower than the corre-
sponding free sugars [12].

The utility of MOE is also limited by the variable abil-
ity of different cell lines to metabolize sialic acid analogs
and their precursors. However, quantification of cell line-
dependent differences in sialic acid analog metabolism
has been limited [15-18]. Here we describe experiments
in which metabolism of diazirine-modified sialic acid and
ManNAc analogs is quantitatively evaluated in multiple
human cell lines. The results of these experiments suggest
that different cell lines harbor metabolic barriers at differ-
ent steps in analog metabolism. Based on these findings,
we propose that cell line-specific expression of promiscu-
ous enzymes, including esterases, kinases, and phospha-
tases, may affect the efficiency of MOE. Taken together,
we expect that these results will inspire strategies to im-
prove the efficiency and generality of MOE.
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Materials and methods
Cell lines and culturing conditions

All cell lines were cultured at 37 °C, 5 % CO, in a water-
saturated environment. BJAB K88 and BJAB K20 were
obtained from Michael Pawlita (German Cancer Research
Center) and James Paulson (The Scripps Research
Institute). Cells were cultured in RPMI 1640 containing
2 mM glutamine, 10 % fetal bovine serum, and 1 % Pen/
Strep (serum normal) or in 1 % Nutridoma-SP
(11011375001 Roche) and 0.5 % Pen/Strep (serum free).
Sugars were added to culture media for 48 h. Jurkat cells
were obtained from Kim Orth (UT Southwestern) and were
cultured in RPMI 1640 containing 2 mM glutamine and
10 % fetal bovine serum and 1 % Pen/Strep. Sugars were
added to culture media for 48 h for Table 1, or as indicated
for Figs. 5 and 7. Daudi cells were obtained from Ellen
Vitetta (UT Southwestern) and were cultured in RPMI
1640 media containing 2 mM glutamine and supplemented
with 10 % fetal bovine serum and 1 % Pen/Strep. Sugars
were added to culture media for 72 h. HeLa and SW48
cells were obtained from the ATCC and were cultured in
DMEM containing 4.5 g/L D-glucose, 110 mg/L sodium
pyruvate, 4 mM L-glutamine, 10 % FBS, and 1 % Pen/
Strep. Sugars were added to culture media for 48 h for
Table 1, or as indicated for Fig. 4. K562 cells were obtain-
ed from ATCC and were cultured in RPMI 1640 medium
containing 2 mM glutamine, 10 % FBS, and 1 % Pen/
Strep. Sugars were added to culture media for 48 h.
HEK293T cells were obtained from the ATCC and cultured
in DMEM containing 4.5 g/L. D-glucose, 110 mg/L sodium
pyruvate, 4 mM L-glutamine, 10 % FBS, and 1 % Pen/
Strep. Sugars were added to culture media for 48 h.
HEK?293 cells were obtained from Chou-Long Huang
(UT Southwestern) and cultured in DMEM containing
4.5 g/L D-glucose, 110 mg/L sodium pyruvate, 4 mM L-
glutamine, 10 % FBS, and 1 % Pen/Strep. Sugars were
added to culture media for 72 h. T84 cells were obtained
from the ATCC and cultured in DMEM/F-12 with L-
glutamine and HEPES (Gibco #11330-032) supplemented
with 5 % FBS and 1 % Pen/Strep. Sugars were added to
culture media for 72 h. Caco-2 cells were obtained from the
ATCC and cultured in MEM with L-glutamine (Gibco
#11095-080) supplemented with 0.1 mM non-essential
amino acids, 1 mM sodium pyruvate, 10 mM HEPES,
10 % FBS, and 1 % Pen/Strep. Sugars were added to cul-
ture media for 72 h. MDA-MB-231 cells were obtained
from the ATCC and cultured in DMEM containing 10 %
FBS and 1 % Pen/Strep. Sugars were added to culture
media for 48 h. SK-N-SH cells were obtained from the
ATCC and cultured in alpha MEM containing 10 % fetal
bovine serum. Sugars were added to culture media for 72 h.
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Table 1 Cell surface

incorporation of SiaDAz Cell Line Cell type Media % cell surface

incorporation
of SiaDAz

BJAB K88 B cell lymphoma Serum Normal 34

BJAB K20 B cell lymphoma Serum Normal 50

BJAB K20 B cell lymphoma Serum Free 100

Jurkat T cell lymphoma Serum Normal 65

Daudi B cell lymphoma Serum Normal 36

HeLa cervical carcinoma Serum Normal 0

SW48 colorectal carcinoma Serum Normal 10

K562 myelogenous leukemia Serum Normal 0

HEK293T kidney adenocarcinoma Serum Normal 13

HEK293 kidney adenocarcinoma Serum Normal 30

T84 colorectal carcinoma Serum Normal 7

T84 colorectal carcinoma Serum Free 15

Caco-2 colorectal carcinoma Serum Normal 39

MDA-MB-231 mammary carcinoma Serum Normal 42

SK-N-SH neuroblastoma Serum Normal 15

SH-SY neuroblastoma Serum Normal

PC-3 prostate cancer Serum Normal

Cells were cultured with 100 uM AcsManNDAz. Membrane-associated Neu5Ac and SiaDAz were quantified.
The fraction [SiaDAz]/([SiaDAz]+[Neu5Ac]) is reported as percent cell surface incorporation of SiaDAz

SH-SY cells were obtained from Melanie Cobb (UT
Southwestern) and cultured in a 1:1 mixture of ATCC-
formulated Eagle’s MEM and F12 medium including
10 % FBS. Sugars were added to culture media for 72 h.
PC-3 cells were obtained from Jer-Tsong Hsieh (UT
Southwestern) and cultured in DMEM containing 4.5 g/L
D-glucose, 110 mg/L sodium pyruvate, 4 mM L-gluta-
mine, 10 % FBS, and 1 % Pen/Strep. Sugars were added
to culture media for 48 h.

ManNAc was obtained from Sigma-Aldrich and
Neu5Ac was purchased from Carbosynth. Ac;ManNAc,
Acs-1-OMe-NeuAc, Acs-1-OMe-SiaDAz, Ac;ManNDAz
were synthesized as described previously [19]. Synthesis
of ManNDAz is presented in the electronic supplementary
material (Online Resource 1). Briefly, we previously re-
ported the synthesis of ManNDAz by amide coupling of
4,4-azo-pentanoic acid and mannosamine via activating the
acid by a carbodiimide reagent and HOBt [19]. Although
ManNDAz could not be completely separated from HOBt
at that point, acetylation of the mixture enabled isolation of
peracetylated ManNDAz (AcsManNDAz) for cell culture
experiments. In order to isolate free ManNDAz for this
study, we therefore started from pure Ac;ManNDAz pre-
pared as reported previously. Basic cleavage of the ester
bonds afforded ManNDAz in good purity with a yield of
52 %. See Online Resource 1 for full characterization of
ManNDAz. Peracetylated sugars were stored in ethanol at
a concentration of 10 mM. Free sugars were dissolved in

phosphate-buffered saline (PBS) at a concentration of
400 mM and filtered prior to storage at —20 °C.

Generation of SW48 cells overexpressing ST6GALI

The human ST6GAL!1 gene was amplified by PCR from
pCMV-Sport6-ST6GAL1 (MHS1010-97227857, Thermo
Scientific). The PCR product was digested and ligated into
the lentiviral destination vector, pSIN4-EF1a-mGli2-IRES-
Puro (a gift from Dr. Jiang Wu, University of Texas
Southwestern Medical Center) [20]. The plasmid was verified
by DNA sequencing (UT Southwestern DNA Sequencing
Core Facility).

HEK293T cells were transfected with pSIN4-ST6GALLI or
pSIN4-eGFP, accompanied with psPAX2 (12260, Addgene)
and pMD2.G (C12259, Addgene) in the presence of Fugene 6
(E2691, Promega) to generate lentivirus. Media was replaced
after 20 h. After 2 days, supernatant containing lentivirus was
harvested. SW48 cells were seeded into 6-well tissue culture
wells for 18 h. A 1:1 lentivirus stock solution diluted with
DMEM was added and supplemented with 4 pg/mL
polybrene (AL-118, Sigma-Aldrich) to enhance infection ef-
ficiency. After 24 h, supernatant was removed by aspiration
and fresh DMEM was added to the cells. After an additional
24 h, cells were transferred to a 10 cm diameter tissue culture
dish and cultured for 2 weeks in the presence of 1.5 pg/mL
puromycin to select for infected clones.
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Flow cytometry analysis

BJAB K20 cells were collected and washed twice with
Dulbecco’s phosphate buffered saline (PBS), then resuspend-
ed in PBS at 2.0x 10° cells/mL. Then, 200 ul of cell suspen-
sion was transferred to a V-bottom 96-well plate and centri-
fuged to pellet cells. Cell pellets were resuspended in 100 pl of
PBS+0.1 % BSA (w/v) containing 0.01 mg/mL MALII-biotin
(Vector) for 60 min at 4 °C, then washed with PBS three times.
Cells were then incubated in PBS containing 0.1 % BSA and
0.005 mg/mL allophycocyanin-streptavidin (APC-
streptavidin; S-868, Life Technologies) for 45 min at 4 °C.
Fluorescence was analyzed by flow cytometry on a FACS
Calibur instrument (BD Biosciences) equipped with dual la-
sers at 488 nm and 635 nm.

Cell fractionation

Freshly harvested cells were fractionated as described previ-
ously [21]. Briefly, adherent cells were removed from tissue
culture plates by incubation with 1 mM EDTA in PBS and
then lysed, or lysed directly in hypotonic lysis buffer contain-
ing protease inhibitors for 15 min on ice. Non-adherent cells
were counted and harvested by centrifugation and then
suspended in hypotonic lysis buffer containing protease inhib-
itors for 15 min on ice. Cells were lysed by extrusion through
a 25 gauge needle. Nuclei and unbroken cells were removed
from the post-nuclear supernatant by two rounds of centrifu-
gation at 1000g for 15 min at 4 °C. The post-nuclear super-
natant was transferred to heavy-walled polycarbonate tubes
and centrifuged at 100,000g for 1 h in a Beckman TLA
100.3 or Thermo Sorvall MX120 ultracentrifuge rotor. The
resulting supernatant was designated the cytosolic fraction.
The pellet was washed twice with 400 1L cold hypotonic lysis
buffer followed by centrifugation at 100,000g for 1 h after
each wash. The remaining pellet was designated the mem-
brane fraction. Samples were flash frozen in liquid nitrogen
and the solvent removed by vacuum overnight.

Quantification of sialic acids by DMB derivatization

To release sialic acids, 50 uL 2.0 M acetic acid was added to
each membrane (M) sample and and 100 pL. 2.0 M acetic acid
was added to each cytosolic (C) sample. After incubation at
80 °C for 2 h, samples were cooled to room temperature, then
1,2-diamino-4,5-methylenedioxybenzene (DMB) reaction so-
lution (7.0 mM DMB, 1.4 M acetic acid, 750 mM 2-
mercaptoethanol, 18 mM Na,S,05) was added to each sample
(M: 40 pL and C: 80 pL). After a 2 h incubation at 50 °C,
200 mM NaOH was added to each sample (M: 10 uL and C:
20 pL). Samples were filtered through 10 kDa MWCO filters
and the resulting flow-through was stored at —20 °C in the
dark until analysis. Generally, 10 puL of derivatized material
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was diluted with 90 uL ddH,O and analyzed by fluorescence
HPLC. To do this, samples were injected onto a using Dionex
Acclaim® Polar Advantage C16 5 pm, 4.6 X250 mm column
attached to a Dionex Ultimate 3000 HPLC with fluorescence
detector. Separation was performed using a gradient of 2—
90 % acetonitrile (ddH,0) and detected by fluorescence (ex.
373 nm, em. 448 nm). The integrated areas of both DMB-
NeuSAc and DMB-SiaDAz peaks were determined. DMB-
NeuS5Ac and DMB-SiaDAz yield slightly different fluores-
cence signals, so the areas were normalized by linear regres-
sion analysis using calibration curves prepared by injecting
between 100 and 600 fmol of DMB-NeuSAc and 275 fmol
to 11000 fmol of DMB-SiaDAz. The fluorescence signals of
DMB-Neu5Ac and DMB-SiaDAz were linear in these ranges.
For DMB-SiaDAz, signals corresponding to amounts below
100 fmol were considered to be below the detection limit.
Experiments were performed in biological duplicate.

Analysis of intracellular metabolites by HPAEC
and LC-MS/MS

Cells were cultured with sugars or sugar analogs as indicated.
Typically ~2x 10° cells were harvested by centrifugation, then
washed with cold DPBS twice and flash frozen in liquid ni-
trogen. Cells were lysed with 80 % “super-cold” methanol (on
dry ice) [22]. Lysates were centrifuged at 2000g for 15 min at
4 °C. The supernatant was flash frozen in liquid nitrogen and
dried by centrifugal evaporation under vacuum. If not ana-
lyzed immediately, the intracellular metabolite pellet was
stored at —80 °C.

The metabolite pellet was resuspended in 40 mM sodium
phosphate buffer (pH 7.4; 40 uL per million cells), and filtered
through an Amicon® Ultra centrifugal filter unit (Millipore, 10,
000 MWCO). Filtrates and standards were analyzed by high
performance anion exchange chromatography (HPAEC; ICS-
3000 system, Dionex) using a CarboPac™PA1 column
(Dionex) with a pulsed amperometry detector (PAD) and UV-
detector (ex: 260 nm) [23, 24]. Typically, 20 uL. of metabolite
was injected into the sample loading loop before entering a guard
column (Dionex, 4x50 mm) and then an analytical column
(Dionex, 4%250 mm). The eluents used were 1.0 mM NaOH
(C) and 1.0 M NaOAc and 1.0 mM NaOH (D). Low-carbonate
NaOH (50 % in water) was obtained from Fisher Scientific
(SS254-1) and NaOAc was from Sigma (71183). Separation
was performed with a flow rate of 1| mL/min and the following
gradient elution: Ty ,in=95 % C, T30=76 % C, T4s=0 % C,
Ts55=0 % C, T5o=95 % C, T70=95 % C. Integrated peaks were
compared to commercial standards of CMP-Neu5Ac and syn-
thesized CMP-SiaDAz. Data were normalized to cell number.
Experiments were performed in biological duplicate.

For NeuAc-9-P detection, 8 million SW48 cells were cul-
tured with 100 uM AcyManNAc for 24 h and intracellular
metabolites were harvested as described above. The
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intracellular metabolite pellet was dissolved in 40 mM sodium
phosphate (pH 7.4) buffer and filtered through an Amicon®
Ultra centrifugal filter unit (Millipore, 10,000 MWCO). 60 uL
of intracellular metabolites was injected into the HPAEC and
using the elution gradient with flow rate of 1 mL/min: T =
95 % C, T40=70 % C, T4s=50% C, T5o=45 % C, Ts5=0 % C,
T75=0 % C, Tg0=95 % C, To0=95 % C. The peak at 42.5 min
was collected. Meanwhile, Dowex X-50 W-8 cation ion ex-
change resin (Sigma; 69011-20-7) was equilibrated with 1 M
NH4OAc and washed twice with 2 column volumes ddH,O.
The collected sample was applied to the column and eluted
with ddH,O. Eluent was collected in a Pyrex glass tube (18 %
150 mm) and lyophilized on a Thermoscientific freeze dryer.
Samples were submitted for LC-MS analysis at the Shimadzu
Center for Advanced Analytical Chemistry, Arlington Texas.
Details and mass spectrometry data are presented in Online
Resource 1.

Multiple reaction monitoring (MRM) with LC-MS/MS
with a triple quadrupole mass spectrometer (3200 QTRAP,
ABSCIEX) was used to analyze intracellular metabolites as
previously described [25, 26]. The intracellular metabolite
pellet was dissolved in solvent A and incubated at 4 °C for
30 min. Insoluble material was removed by centrifugation at
16,000g for 5 min at 4 ° C. Supernatant was filtered twice
through 0.2 um PVDF micro spin filter (Grace Davison
Discovery Science, 8604742) at 9000g for 5 min at 4 °C.
Intracellular metabolites and standards were directly injected
into a Synergi 4u Fusion-RP 80A reverse phase column
(Phenomenex) and chromatographed at a flow rate of
0.5 mL/min. The solvent system consisted of 5 mM ammoni-
um acetate in water (solvent A) and 5 mM ammonium acetate
in methanol (solvent B). Injected samples were eluted with the
following gradient of solvent B: 0-0.2 %/5 min, 0.2—1 %/
1 min, 1-3 %/1 min, 3-5 %/1 min, 5-25 %/6 min, 25—
50 %/4 min, 50-100 %/2 min. The retention time (RT) and
mass-to-charge ratio (m/z; positive mode MW+ 1H) of the
parent and product ion for Acs-1-OMe-NeuSAc were RT:
12—13 min, m/z: 534/414 & 534/129. The parent and product
ion pairs were determined empirically by injecting pure stan-
dard into the mass spectrometer. Typically, both MRMs for a
given metabolite displayed high correlation. The retention
time for each MRM peak was matched with the metabolite
standard. The area under each peak was quantified using
Analyst software, with manual inspection for accuracy.

Results

Metabolism of Ac,ManNDAz to SiaDAz-containing
glycoconjugates is cell line-dependent

We reported previously that culturing BJAB K20, BJAB K88,
or Jurkat cells with peracetylated, diazirine-modified

ManNAc (AcsManNDAz) results in production of
glycoconjugates containing diazirine-modified sialic acid
(SiaDAz; Fig. 1) [8, 19, 21, 27]. However, attempts to produce
SiaDAz-containing glycoconjugates in other cell lines result-
ed in variable outcomes. To assess the cell line-dependence of
SiaDAz incorporation, we cultured fifteen cell lines with
100 uM AcsManNDAz for 48-72 h. We isolated the mem-
brane fractions from these cells, released the glycoconjugate-
bound sialic acids, and quantified the amounts of NeuSAc and
SiaDAz. Table 1 reports the percent of membrane sialic acid
that is SiaDAz. Both Jurkat and BJAB K20 cells displayed
high levels of SiaDAz incorporation, with SiaDAz comprising
about half of the membrane sialic acid. Since BJAB K20 cells
lack the ability to biosynthesize NeuSAc [28], membrane
Neu5SAc in these cells must derive from the serum used to
supplement the media. Indeed, culturing BJAB K20 cells in
serum-free media resulted in 100 % SiaDAz in the membrane
fraction. Other cell lines displayed a variety of lower levels of
SiaDAz incorporation; in four cell lines (HeLa, K562, SH-SY,
and PC-3) we were unable to detect significant amounts of
membrane-associated SiaDAz. Differences were apparent
even among related cell lines: the SK-N-SH cell line displays
15 % membrane SiaDAz, while a subclone derived from this
cell line (SH-SY) does not incorporate SiaDAz into the mem-
brane at a detectable level.

Metabolism of AcsManNDAz and ManNDAz
by MDA-MB-231, SW48, and HeLa cells

Based on the diverse levels of membrane SiaDAz we mea-
sured in different cell types, we decided to investigate vari-
ables that might affect the incorporation of SiaDAz into mem-
brane glycoconjugates. We set out to assess whether there are
cell-line-specific differences in the ability of cells to metabo-
lize diazirine-containing ManNAc to SiaDAz-containing
glycoconjugates, focusing specifically on the abilities of dif-
ferent cell lines to hydrolyze acetoxy groups of protected
sugars and to convert ManNDAz to SiaDAz. We focused
our initial experiments on three cell lines that exhibited a range
of cell surface SiaD Az incorporation in response to addition of
Acy;ManNDAz: high incorporation MDA-MB-231 cells
(42 % membrane SiaDAz), moderate incorporation SW48
cells (10 % membrane SiaDAz), and low incorporation
HeLa cells (membrane SiaDAz near detection limit).
MDA-MB-231 cells, a breast carcinoma cell line, were
cultured with 100 uM Acy;ManNDAz for 48 h, after which
membrane and cytosolic SiaDAz levels were measured. While
SiaDAz comprised only about 44 % of membrane sialic acid,
about 79 % of cytosolic sialic acid was in the form of SiaDAz
(Fig. 2a). We also cultured the cells with free ManNDAz.
Because of the predicted poor membrane permeability of this
polar molecule, free ManNDAz was used at a concentration
40 times higher than Acs;ManNDAz. At this high
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Fig.1 Metabolic oligosaccharide
engineering (MOE) to produce
glycoconjugates containing a
photocrosslinking sialic acid
analog, SiaDAz. A mannosamine
analog, ManNDAz, can be
provided to the cell in free form or
peracetylated form.
Peracetylation makes the
compound more hydrophobic so
that it crosses the plasma
membrane more efficiently,
allowing a lower concentration of
compound to be used.
Alternatively, SiaDAz can be
added to cell culture media.
Esterification of all the free
alcohols and the carboxylic acid,
forming Acs-1-OMe-SiaDAz,
makes the compound more
hydrophobic and allows it to
traverse the plasma membrane
efficiently. Cellular enzymes
convert the analogs to the
activated nucleotide sugar form
(CMP-SiaDAz), followed by
sialyltransferase-catalyzed
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Fig. 2 Metabolism of ManNDAz and Ac;ManNDAz by MDA-MB-231
cells. MDA-MB-231 cells were cultured with 4 mM ManNDAz or
100 uM Acy;ManNDAz for 48 h. a Intracellular and membrane sialic
acids were measured by fractionation, DMB derivatization, and HPLC
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231 cells cultured with either Acy;ManNDAz or free
ManNDAz, SiaDAz is the major sialic acid in the cytosol,
but represents only about 40 % of the membrane sialic acid.
The limited membrane incorporation of SiaDAz suggests im-
paired transport of CMP-SiaDAz into the Golgi or utilization
of CMP-SiaDAz by sialyltransferases as possible limitations
in SiaDAz metabolism.

SW4S8 cells, a colon carcinoma cell line, produce a moder-
ate amount of membrane SiaDAz in response to
Acs;ManNDAz supplementation (Table 1). However, SW48
cells also display a very low level of total membrane sialic
acid due to low expression of sialyltransferases [29]. To test
whether low sialyltransferase expression is the reason for poor
SiaDAz incorporation, we prepared SW48 cells stably ex-
pressing human STO6GAL1. We chose ST6GALI because it
is the dominant sialyltransferase that acts on N-linked glycans
and has been shown to be promiscuous in terms of accepting
sialic acid analogs [30, 31]. We found that overexpression of
ST6GAL1 did not affect the fraction of SiaDAz in the mem-
brane (9 %) even though the total amount of membrane sialic
acid increased (Fig. 3a). SW4S8 cells were capable of produc-
ing SiaDAz from AcsManNDAz: about 70 % of cytosolic
sialic acid was SiaDAz, a result that was relatively unaffected
by ST6GALI expression (Fig. 3a). However, we were unable
to detect CMP-SiaDAz in cells supplemented with
AcsManNDAz, while cells supplemented with the corre-
sponding protected form of the natural sialic acid precursor
(AcsManNAc) produced high levels of CMP-NeuSAc
(Fig. 3b).

Since we were unable to detect CMP-SiaDAz in SW48
cells, we considered whether metabolism might be
blocked prior to CMP-sialic acid production. Because
the classical DMB labeling protocol that we applied in-
cludes an acid hydrolysis step [32], our measurements of
cytosolic sialic acids include free sialic acids, CMP-sialic
acids, and also sialic acid-9-Ps (Fig. 3c). To gain more
insight into why CMP-SiaDAz was not produced, we in-
vestigated whether SiaDAz-9-P accumulates in SW48
cells by analyzing intracellular metabolites by HPAEC-
PAD. Relative to the control sample, novel peaks were
detected in metabolites derived from cells supplemented
with either Acy;ManNAc or Ac;ManNDAz (Fig. 3d). The
novel metabolite from the Acy;ManNAc-supplemented
cells was identified as Neu5Ac-9-P by LC-MS IT-TOF
analysis (Online Resource 1). The novel metabolite from
AcsManNDAz-supplemented cells (black arrowhead) elut-
ed with a time similar to Neu5Ac-9-P and degraded to two
faster migrating species in response to UV irradiation (red
arrowheads), a pattern characteristic of diazirine-
containing molecules [24]. While we were unable to obtain
sufficient material for unambiguous identification, the
most likely assignment for this novel peak is SiaDAz-9-P.
Accumulation of SiaDAz-9-P in SW48 cells could reflect

inadequate phosphatase activity in these cells, which
would limit production of membrane SiaDAz.

When supplemented with Ac;ManNDAz, HeLa cells, a
cervical carcinoma cell line, produce levels of membrane
SiaDAz that are near our detection limit (Table 1).
However, HeLa cells produce substantially more intracel-
lular SiaDAz in response to ManNDAz treatment than in
response to Acy;ManNDAz treatment (Fig. 4a). A possible
explanation for this result is that HeLa cells do not effi-
ciently remove the acetyl groups from Acy;ManNDAz to
release free ManNDAz. Acyl protecting groups are typi-
cally removed rapidly from peracylated ManNAc analogs
through the action of intracellular esterases [33].
However, esterases have varying substrate specificities
and different cell types express different esterases [34,
35]. Indeed, esterase expression patterns are known to
affect deacylation of pro-drugs [35]. The inability of
HeLa cells to deacetylate Ac;ManNDAz does not reflect
a general esterase defect because cells cultured with
AcsManNAc readily increase CMP-NeuSAc production
(Fig. 4b). Thus, we hypothesized that the diazirine sub-
stituent may interfere with esterase-dependent
deprotection in these cells. We hoped to bypass this ester-
ase barrier by culturing cells with free ManNDAz, but
unfortunately, HeLa cells cultured with free ManNDAz
produced only about 11 % membrane SiaDAz (Fig. 4a).
Thus, HeLa cells may also have a second metabolic bar-
rier, in one of the two enzymatic steps involved in
converting SiaDAz to CMP-SiaDAz. The same enzyme
produces CMP-Neu5Ac in all cell types, suggesting that
the barrier does not occur at this step. Dephosphorylation
of Neu5Ac-9-P, on the other hand, could be performed by
opportunistic phosphatases if Neu5Ac-9-P phosphatase
(NANP) is not expressed. Thus, we speculate that the
phosphatase(s) that dephosphorylate Neu5Ac-9-P in
HeLa cells may have reduced activity toward SiaDAz-9-P.

Acs-1-OMe-SiaDAz is poorly metabolized

Our results from SW48 and HeLa cells suggested that
dephosphorylation of SiaDAz-9-P might represent a bar-
rier to production of membrane SiaDAz. We hypothesized
that direct delivery of a diazirine-modified sialic acid an-
alog would circumvent this metabolic blockade. To inves-
tigate this idea, we studied metabolism of a cell-
permeable SiaDAz analog in which free hydroxyl groups
are protected with acetyl groups and the carboxylate is
protected as a methyl ester (Acs-1-OMe-SiaDAz) [8].
We used Jurkat and BJAB K20 cells for these experiments
because they readily produce membrane SiaDAz from
AcsManNDAz, indicating that they do not harbor signif-
icant barriers limiting metabolism of cytosolic SiaDAz to
membrane SiaDAz.
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Fig. 3 Metabolism of peracetylated mannosamines by SW48 cells.
SW48 cells were cultured with 100 uM Acy;ManNAc or 100 uM
AcysManNDAz for 48 h. a Intracellular and membrane sialic acids were
measured by fractionation, DMB derivatization, and HPLC analysis with
fluorescence. Analysis was performed in biological duplicate with error
bars showing standard deviation of the mean. b Analysis of SW48
intracellular metabolites by HPAEC-PAD. SW48 cells cultured with
AcsManNDAz do not produce CMP-SiaDAz, but SW48 cells cultured
with Acy;ManNAc increase production of CMP-Neu5Ac. Data presented
are a single trial representative of replicate experiments. ¢ DMB

We found that Jurkat cells produce SiaDAz from Acs-
1-OMe-SiaDAz inefficiently: relatively little free SiaDAz
was detected in the cytosolic fraction of Jurkat cell cul-
tured with Acs-1-OMe-SiaDAz compared to cells cultured
with Ac;ManNDAz (Fig. 5a). Further, conversion of Acs-
1-OMe-SiaDAz to membrane SiaDAz was also low, with
SiaDAz comprising only 35 % of membrane sialic acid
(compared with about 73 % when cells are cultured with
AcsManNDAz) (Fig. 5b). Next, we examined BJAB K20
cells, where SiaDAz metabolism might be expected to be
more efficient, since there is little competing endogenous
NeuS5Ac [28]. While culturing BJAB K20 cells with free
ManNDAz or Ac;ManNDAz yielded CMP-SiaDAz, very
little CMP-SiaDAz was produced through supplementa-
tion with Acs-1-OMe-SiaDAz (Fig. 6a).
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derivatization of either Neu5Ac or Neu5Ac-9-P produces the same prod-
uct: DMB-Neu5Ac. d Analysis of SW48 intracellular metabolites by
HPAEC-PAD. SW48 cells cultured with 100 uM Acy;ManNAc accumu-
late Neu5Ac-9-P, whose identity was confirmed by mass spectrometry.
SW48 cells cultured with 100 uM AcyManNDAz accumulate a novel
peak (black arrowhead). Upon UV irradiation of metabolites, the novel
peak disappeared and was replaced by two faster-migrating peaks (red
arrowheads). This is a characteristic finding for diazirine-containing
compounds, suggesting SiaDAz-9-P as the identity of the novel peak.
Data presented are a single trial representative of triplicate experiments

Protected NeuSAc is poorly metabolized

Surprised by the poor metabolism of Acs-1-OMe-SiaDAz,
we next assessed metabolism of fully protected NeuSAc
(Acs-1-OMe-Neu5Ac). Culturing BJAB K20 cells with
AcysManNAc yields high levels of CMP-Neu5Ac, while
addition of free ManNAc or free Neu5Ac leads to lower
but significant CMP-Neu5Ac accumulation. But very lit-
tle CMP-Neu5Ac was detected when BJAB K20 cells
were cultured with Acs-1-OMe-NeuSAc (Fig. 6a). This
result does not appear to be due to rapid turnover of
CMP-Neu5Ac, since it was also undetectable at an earlier
time (Fig. 6b). Furthermore, BJAB K20 cells cultured
with Acs-1-OMe-Neu5SAc had lower levels of cell surface
sialic acid than cells cultured with Acy;ManNAc, free
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Fig.4 Metabolism of ManNDAz and Ac;ManNDAz by HeLa cells.
a HeLa cells were cultured with 4 mM ManNDAz or 100 uM
AcysManNDAz for 48 h. Intracellular and membrane sialic acid
were measured following fractionation, DMB derivatization, and
HPLC analysis with fluorescence detection. Analysis was
performed in biological duplicate with error bars showing standard
deviation of the mean. b HeLa cells were cultured with 4 mM
ManNAc or 100 uM Acy;ManNAc for 24 h. CMP-Neu5Ac levels

ManNAc, or free NeuSAc (Fig. 6¢). Overall, these results
suggest that BJAB K20 cells poorly metabolize fully
protected sialic acids, both natural (Acs-1-OMe-NeuSAc)
and unnatural (Acs-1-OMe-SiaDAz).

were quantified by HPAEC analysis with UV detection. Analysis
was performed in biological duplicate with error bars showing stan-
dard deviation of the mean. ¢ HeLa cells were cultured with 100 uM
AcyManNDAz for 48 h. Intracellular metabolites were harvested
and analyzed by HPAEC-PAD. No CMP-SiaDAz production was
observed. Data presented are a single trial representative of replicate
experiments

Protected sialic acids accumulate in cells

To understand why protected sialic acids are metabolized
poorly, we used liquid chromatography coupled to tandem
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standard deviation of the mean. b BJAB K20 cells were cultured with
100 uM AcysManNAc or 100 pM Acs-1-OMe-NeuSAc for 6 or 24 h.
Intracellular CMP-Neu5Ac was quantified by HPAEC-UV. Analysis was
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molecules for 48 h. Cell surface «2-3-linked sialic acid was measured by
flow cytometry using biotinylated MAL II lectin and APC-streptavidin.
Data presented are a single trial representative of replicate experiments

mass spectrometry (LC-MS/MS) to detect Acs-1-OMe-
Neu5Ac remaining in the intracellular environment

@ Springer

(Fig. 7a). BJAB K88 (Fig. 7c and d) or Jurkat (Fig. 7b
and d) cells were cultured with 100 uM Acs-1-OMe-
NeuSAc for 24 (Fig. 7b and c) or 48 h (Fig. 7d) and the
intracellular metabolites were examined by LC-MS/MS.
We detected intracellular Acs-1-OMe-Neu5Ac in both
BJAB K88 cells (2843 pmol per million cells at 24 h;
39+8 pmol per million cells at 48 h) and Jurkat cells
(16+5 pmol per million cells at 24 h; 10+£2 pmol per
million cells at 48 h) (Fig. 7). Assuming a cell volume
of 1 pL, these amounts equate to about 10—40 uM intra-
cellular concentration of Acs-1-OMe-Neu5Ac. Thus, both
acetyl and O-methyl protecting groups on NeuSAc persist
in the intracellular environment.

Discussion

Introduction of unnatural sugar analogs into cellular
glycoconjugates through MOE is a powerful tool for ef-
forts to understand glycoconjugate function. However,
the utility of this approach is limited by the ability of dif-
ferent cell lines to metabolize the precursor monosaccha-
rides to glycoconjugates. Here we focused on one
photocrosslinking sialic acid, SiaDAz, and its cell-
permeable mannosamine precursor (Acy;ManNDAz). We
discovered cell line-dependent barriers to metabolic pro-
duction of SiaDAz-containing glycoconjugates (Fig. 8).
Metabolism of other mannosamine analogs has been re-
ported to be cell line-dependent [15—17], but additional
work will be needed to assess whether the structures of
different mannosamine analogs affect the cell type-
specific barriers that they experience.

Cell-specific enzyme expression may modulate
AcysManNDAz metabolism

MOE takes advantage of the promiscuity of cellular en-
zymes to process analogs of naturally occurring monosac-
charides (Fig. 8). Specifically, metabolism of peracylated
ManNAc analogs requires removal of acyl protecting
groups by cellular esterases. Metabolism of ManNAc an-
alogs to CMP-sialic acid analogs requires four additional
enzymatic transformations: (1) phosphorylation of O6 po-
sition of the ManNAc analog, (2) coupling to pyruvate to
yield the O9 phosphorylated sialic acid analog, (3)
dephosphosphorylation of the O9 position of the sialic
acid analog, and (4) activation to the CMP-sialic acid
analog. While annotated sialic acid biosynthetic enzymes
(GNE, NANS, NANP, and CMAS) are typically implicat-
ed in the metabolism of ManNAc analogs, enzymes out-
side of this pathway may also play a role.
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Fig. 7 Acs-1-OMe-Neu5Ac persists intracellularly. a LC-MS/MS
detection of Acs-1-OMe-Neu5Ac in Jurkat cells cultured with ethanol
control, AcsManNDAz, or Acs-1-OMe-NeuSAc for 24 h. BJAB K88
or Jurkat cells were cultured with Acs-1-OMe-NeuSAc for 24 h (b, ¢)

Effects of cell-specific esterases on AcsManNDAz
deprotection

Human carboxyesterases have variable substrate specificities
and variable expression levels in different tissues [35]. These
variations may affect metabolism of peracylated ManNAc an-
alogs. Cell type-specific differences in small molecule
deacetylation are precedented: for example, HEK293 cells
cannot deacetylate the pro-drug aspirin to form active salicylic
acid [36]. Our data suggest that HeLa cells may not effectively
deacetylate AcuManNDAz, but can deacetylate Ac;ManNAc.
In contrast, Yarema and co-workers reported that HeLa cells
readily metabolize Acy;ManLev [12]. One possible explana-
tion is that endogenous Hela esterases may distinguish
among structurally similarly molecules, deacetylating
AcyManNAc and AcysManLev, but not Ac;ManNDAz.
Yarema et al. have also postulated the existence of a storage
“reservoir” for peracylated ManNAc analogs [12]. Our results
are also consistent with the idea that Ac;ManNDAZz is stored

or 48 h (d). Intracellular Acs-1-OMe-NeuSAc was quantified by MRM
with LC-MS/MS. Insets show calibration curves for synthetic Acs-1-
OMe-NeuSAc. Data presented are the average of duplicate trials with
error bars depicting the standard deviation

more efficiently than Ac;ManNAc, although the possible mo-
lecular basis for such a difference is unknown.

Cell-specific kinases can affect ManNDAz
phosphorylation

Specific genes are annotated to function as kinases for indi-
vidual monosaccharides, but more promiscuous phosphoryla-
tion likely occurs. Indeed, BJAB K20 cells do not express
GNE (UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase), a bifunctional protein that con-
tains the ManNAc¢ kinase domain [37]. Nonetheless, BJAB
K20 cells metabolize ManNDAz to SiaDAz, suggesting that
other kinases are able to phosphorylate ManNDAz. Similarly,
Jacobs et al. reported that the GNE ManNAc kinase domain
has reduced activity toward ManNAc analogs with large N-
acyl sidechains [38]. Thus, even in the presence of functional
GNE, cells may rely on other kinases to metabolize
ManNDAz. As a result, the efficiency of SiaDAz production
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may depend on which kinases are expressed and the degree to
which they phosphorylate ManNDAz.

Cell-specific phosphatases can affect SiaDAz production

Production of sialic acid analogs from ManNAc analogs re-
quires dephosphorylation of the O9 position of the sialic acid.
Once again, a single enzyme is annotated as the Neu5Ac-9-P
phosphatase (NANP), but other promiscuous phosphatases
may also contribute to this activity. We found that SW4S cells
cultured with Ac;ManNDAz produce high levels of intracel-
lular SiaDAz but little CMP-SiaDAz or membrane SiaDAz,
implying a deficiency in either dephosphorylation of SiaDAz-
9-P or activation of SiaDAz to CMP-SiaDAz. We also ob-
served accumulation of NeuSAc-9-P in SW48 cells cultured
with Ac;ManNAc, suggesting that the dephosphorylation step
is likely to be the bottleneck. When cultured with
Acy;ManNDAz, the SW48 cells accumulated a metabolite that
we suspect to be SiaDAz-9-P although we were unable to
perform conclusive identification. Further experiments are
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needed to determine which phosphatase dephosphorylates
NeuS5Ac-9-P in SW48 cells and whether it is active toward
SiaDAz-9-P.

Metabolism of Acs-1-OMe sialic acids

While MOE of sialic acid is often conducted with ManNAc
analogs, an alternative strategy is to culture cells with sialic
acid analogs. Use of sialic acid analogs is attractive because
many of the metabolic enzymes are bypassed. Unprotected
sialic acid analogs can be used, but must be supplied at high
(millimolar) concentration. While peracetylation of ManNAc
analogs has been pursued as an alternative, several reports
indicate that protection of sialic acids does not substantially
improve metabolic incorporation [6, 9]. Here we assessed ex-
perimentally whether deprotection of sialic acid analogs rep-
resents a barrier to metabolism. We found that both Acs-1-
OMe-SiaDAz and Acs-1-OMe-Neu5Ac are poorly metabo-
lized to membrane sialosides; moreover, we were able to de-
tect intracellular accumulation of fully protected NeuSAc in
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both K88 BJAB and Jurkat cells. This finding suggests ester-
ases are slow to remove both the acetyl groups protecting the
hydroxyls and the methyl ester protecting the carboxylic acid.
Deprotection of the carboxylic acid may be particularly prob-
lematic, as Tian et al. demonstrated that bulky substitutions on
the acyl chain of ester protecting groups are poorly tolerated
by common human esterases [39].

Effects of ManNAc analogs on Neu5SAc production

In one case, we observed that addition of the unnatural pre-
cursor ManNDAz resulted in increased cytosolic NeuSAc
(Fig. 4a). Although we did not conduct any experiments to
further investigate this surprising observation, one possible
explanation involves the feedback regulation of GNE. GNE
is strongly and allosterically inhibited by its product, CMP-
Neu5Ac [40, 41]. CMP-SiaDAz might bind GNE competi-
tively with CMP-NeuSAc, but fail to trigger the same alloste-
ric change, resulting a disruption of feedback inhibition. In
this way, an unnatural sialic acid precursor might potentiate
production of natural sialic acid.

Other factors affecting the efficiency of MOE

We have focused exclusively on identifying metabolic differ-
ences among cell lines; other factors not addressed here also
play roles. For example, the rates of cell growth and division
and the rate at which cell surface glycoconjugates are replaced
could affect the rate at which sialic acid analogs are incorpo-
rated into glycoconjugates. Since sialic acid analogs must
compete with Neu5Ac for incorporation, the levels of
Neu5Ac production and NeuSAc scavenging are also impor-
tant factors. Cell-specific expression of transmembrane efflux
pumps may cause monosaccharide analogs to be removed
from cells and not available for metabolism.
Monosaccharide analogs can also be degraded by endogenous
enzymes [42], whose expression patterns may vary among
cell types. Finally, sialic acid analogs must be added to
glycoconjugates by one of the twenty sialyltransferases
encoded in the human genome. If sialyltransferases exhibit
different abilities to transfer sialic acid analogs, then differen-
tial expression of different sialyltransferase family members
could underlie some of the cell line-specific differences in
sialic acid analog incorporation. Additional experiments will
be needed to assess the relative roles of these different factors.

Future directions for MOE

Our results suggest that cell type-specific expression of
enzymes including esterases, kinases, and phosphatases
may underlie cell type-dependent differences in unnatural
monosaccharide metabolism. Identification of the specific
promiscuous enzymes that perform these transformations

would allow confirmation of this hypothesis. Identification
of these enzymes would also offer a strategy to expand the
scope of MOE. For example, if the esterase that deprotects
Acs;ManNDAz in MDA-MB-231 cells could be identified,
it could be overexpressed in HeLa cells cultured with
AcsManNDAz to test if it improves SiaDAz production.
Alternatively, site-directed mutagenesis of enzymes that
metabolize naturally-occurring monosaccharides could im-
prove metabolism of diazirine-containing analogs; indeed
this has already been accomplished for two enzymes in-
volved in GIcNAc metabolism [24, 43]. Finally, alterations
in protecting group chemistry may yield useful compounds
for MOE. In particular, use of protected sialic acid analogs
is very attractive, since they bypass several metabolic bot-
tlenecks, but deprotection is a limitation. Future sialic acid
analogs may include an alternative carboxylate protecting
group that is removed by endogenous esterases, or an ex-
ogenously introduced deprotecting enzyme. Indeed, spe-
cialized pairs of protecting groups and deprotecting en-
zymes can be used to facilitate cell-type specific experi-
ments [39, 44].
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