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Abstract
Terminal sialic acid residues often mediate the interactions of cell surface glycoconjugates. Sialic
acid-dependent interactions typically exhibit rapid dissociation rates, precluding the use of
traditional biological techniques for complex isolation. To stabilize these transient interactions, we
employ a targeted photocrosslinking approach in which a diazirine photocrosslinker is
incorporated into cell surface sialylated glycoconjugates through the use of metabolic
oligosaccharide engineering. We describe three diazirine-modified N-acetylmannosamine
(ManNAc) analogs in which the length of the linker between the pyranose ring and the diazirine
was varied. These analogs were each metabolized to their respective sialic acid counterparts,
which were added to both glycoproteins and glycolipids. Diazirine-modified sialic acid analogs
could be incorporated into both α2–3 and α2–6 linkages. Upon exposure to UV irradiation,
diazirine-modified glycoconjugates were covalently crosslinked to their interaction partners. We
demonstrate that all three diazirine-modified analogs were capable of competing with
endogeneous sialic acid, albeit to varying degrees. We found that larger analogs were less
efficiently metabolized, yet could still function as effective crosslinkers. Notably, the addition of
the diazirine substituent interferes with metabolism of ManNAc analogs to glycans other than
sialosides, providing fidelity to selectively incorporate the crosslinker into sialylated molecules.
These compounds are non-toxic and display only minimal growth inhibition at the concentrations
required for crosslinking studies. This report provides essential information for the deployment of
photocrosslinking analogs to capture and study ephemeral, yet essential, sialic acid-mediated
interactions.

Introduction
Glycans are essential components of the mammalian cell surface, conferring an additional
level of complexity to the heterogeneous compilation of proteins and lipids present on the
plasma membrane. Glycoconjugates, including both glycoproteins and glycolipids, influence
a diverse array of biological processes in eukaryotes, including mediating interactions
among cells and between cells and the extracellular matrix. Alpha-keto acidic sugars known
as sialic acids are key features of many cell surface glycoconjugates. The presence or
absence of these nine-carbon sugars can significantly change the immunogenicity and
bioactivity of glycoproteins and glycolipids.1 Due to their privileged positions at the
periphery of glycan structures, sialic acids are also crucial components of recognition
elements.2, 3 For example, sialic acid-containing glycoconjugates are responsible for
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leukocyte homing to the sites of inflammation4 and are critical for mediating cellular
susceptibility to toxins5 and viruses.6

Although burgeoning evidence points to essential roles for sialylation,7 studying sialylated
glycoconjugates, also called sialosides, remains challenging. Glycan-mediated interactions
are often transient and characterized by low affinities with equilibrium dissociation
constants typically in the µM to mM range.4 The diversity and abundance of sialic acid-
mediated interactions have yet to be explored fully due to the limited tools available for
analyzing these labile complexes. Our strategy for studying a sialoside-mediated interaction
is to covalently conjugate the complex via covalent photocrosslinking, thereby capturing the
interaction between the binding partners and enabling further analysis. By using metabolic
oligosaccharide engineering,8 a photoreactive moiety is selectively incorporated into
sialylated glycoconjugates in their native cellular context. The photocrosslinkers are then
poised to capture biologically-relevant complexes.

Metabolically incorporated photocrosslinking sialic acids have been reported by our lab9 and
others10, 11 and their utility has been demonstrated by the covalent capture of both
glycoprotein-glycoprotein 9, 10, 12 and protein-glycolipid13 interactions. Although several
photocrosslinking groups have demonstrated utility in biological settings,14 we have focused
exclusively on the use of the alkyl diazirine. The diazirine is activated by exposure to 365
nm light, whereupon it is converted into a highly reactive carbene intermediate15 that will
insert into any nearby C-H or heteroatom-H bond. The diazirine’s small size, high reactivity,
and low selectivity offer advantages over other crosslinking moieties.14

Previously, we reported the synthesis of a diazirine-modified N-acetylmannosamine
(ManNAc) analog and showed that this compound could be metabolized to sialosides and
used to crosslink a sialylated protein and a sialylated lipid to their binding partners.9, 13

While we successfully observed crosslinking, we were unsure whether the distance between
the pyranose ring and the photocrosslinker was optimal for efficient capture of sialoside
binding partners. To address this concern, we prepared a panel of ManNAc analogs in which
we varied the distance between the pyranose ring and the photocrosslinker.

Here we report the synthesis of variable-length photocrosslinking ManNAc analogs and the
results of their introduction in BJA-B, Daudi, and Jurkat cells. We examined the effects of
these compounds on cell viability and growth. We show that these analogs are metabolized
to photocrosslinking sialosides, but not to other glycoconjugates. Finally, we compare the
ability of the different photocrosslinking sialic acids to covalently capture complexes
containing either a sialylated glycoprotein or a sialylated glycolipid. Overall, we found that
the compound with the shortest linker displayed the most efficient incorporation, also
resulting in effective crosslinking. Compounds with a longer linker between the pyranose
ring and the photocrosslinker suffer from poor incorporation, yet are still capable of
crosslinking. In studying the metabolism of these analogs, we discovered that the addition of
the diazirine modification interferes with interconversion of ManNAc and N-
acetylglucosamine (GlcNAc) analogs, thereby enabling selective incorporation of the
diazirine into sialosides. Finally, we demonstrate that crosslinked complexes can be
characterized by self-assembled monolayer (SAM) with matrix-assisted laser desorption/
ionization (MALDI) time-of-flight mass spectrometry, providing a potential route to
discovery and characterization of sialoside binding partners.

Bond et al. Page 2

Bioconjug Chem. Author manuscript; available in PMC 2012 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experimental Procedures
Chemical synthesis of photocrosslinking sugars

Syntheses of 1–4 have been reported previously.9, 16, 17 Compounds 5 and 6 were prepared
by a route analogous to 4 and described in detail in the Supporting Information. Acetylated
sugars were purified by silica gel chromatography and reverse phase HPLC. Synthetic
details, NMR spectra, and HPLC traces demonstrating compound purity are found in the
Supporting Information (Schemes S1–S3 and Figures S10–S24).

Cell culture, flow cytometry, and immunoblotting
BJA-B K88, BJA-B K20, and Daudi cells were cultivated in RPMI 1640 media containing 2
mM glutamine and supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100
µg/ml streptomycin. Unless otherwise noted, cells were maintained in a water-saturated
atmosphere at 37 °C and 5% CO2. Typically, cell densities were maintained between 2.5 ×
105 and 2.0 × 106. To generate BJA-B cells in serum free conditions, the cells were grown in
RPMI 1640 with 2 mM L-glutamine containing 1X Nutridoma SP, 50 U/ml penicillin, and 50
µg/ml streptomycin. Cells were cultured for two passages at 2.5 × 105 cells/mL in serum-
free media for 72 h prior to supplementation with monosaccharides.

Prior to the addition of cells to a 12 well plate, ethanol (EtOH), Ac4ManNAc,
Ac4ManNDAz(2me), Ac4ManNDAz(3me), Ac4ManNDAz(4me), Ac4GlcNDAz(2me), or
Ac4ManNAz in EtOH were added to achieve a final concentration of 100 µM once media
was added. EtOH was evaporated at ambient temperature and pressure prior to the addition
of cells. Cells were seeded at a density of 3.0 × 105 cells/mL and cultured for 72 h with the
compounds. After growth in the presence of the appropriate monosaccharides, cells were
harvested by pelleting at 400g for 4 min and aspirating the supernatant. Cell viability was
assessed using Trypan blue dye staining with the Countness Automated Cell Counter
instrument (Invitrogen, Carlsbad, CA). When possible, cells were kept in the dark and on ice
for subsequent procedures.

Jurkat cells were cultivated in RPMI 1640 media containing 2 mM L-glutamine and
supplemented with 10% heat-inactivated FBS. Unless otherwise noted, cells were
maintained in a water-saturated atmosphere at 37 °C and 5% CO2. Typically, cell densities
were maintained between 2.5 × 105 and 2.0 × 106. Cell viability was assessed using Trypan
blue dye staining with the Countess Automated Cell Counter.

Flow cytometry and immunoblotting were performed according to reported
procedures.9, 13, 16 Details are provided in the Supporting Information.

Analysis of ganglioside content for Jurkat cells cultured with compounds 1–6
All reagents, chemicals, and general supplies were purchased and used as received from
Fisher Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Dulbecco’s phosphate buffered saline (DPBS) and CTxB-488 were purchased from
Invitrogen (Carlsbad, CA). Bovine serum albumin (BSA) Fraction V was purchased from
Roche Applied Science (Indianapolis, IN). SepPak tC18 columns (0.3 g) were purchased
from Fisher Scientific. HPTLC plates (20 × 20 cm, glass-backed, 200 µm thickness) were
purchased from EMD Chemicals (Gibbstown, NJ). Matreya ganglioside standards 1408,
1510, and 1511 were purchased from Matreya LLC (Pleasant Gap, MD).

Jurkat cells were cultivated as described above. Prior to the addition of cells to a 25 cm
plate, EtOH, Ac4ManNAc, Ac4ManNDAz(2me), Ac4ManNDAz(3me),
Ac4ManNDAz(4me), Ac4GlcNDAz(2me), or Ac4ManNAz in EtOH were added to achieve
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a final concentration of 100 µM once the media was added. The EtOH was pre-evaporated at
ambient temperature and pressure. Jurkat cells were then seeded at a density of 2.5 × 105

cells/mL and incubated in the presence of the monosaccharides at 37 °C and 5% CO2. After
growth with the appropriate compounds for 72 h, cells were harvested, counted, and
centrifuged at 650g for 5 min in 50 mL conical tubes and the supernatant aspirated. To
ensure that all ganglioside concentrations were normalized, equal numbers of cells (2.7 ×
107 cells) were collected for all samples. Cell pellets were stored at −80 °C overnight.

Cell pellets were thawed to RT and resuspended in 300 µL of ice-cold ddH2O. They were
then dounced 50 times with a Kontes tissue grinder, tube size 20. Following
homogenization, cell suspension was added to a vial of stirring MeOH (800 µL). For the
previous step and those following, glass Pasteur pipettes and glass vials were used; no
plastic came in contact with samples. Samples were also shielded from light at every point
possible during this procedure. To the stirring solution, 400 µL of chloroform was added and
the mixture stirred for 2.5 h at RT. The mixture was then transferred into a 13 × 100 mm
glass culture tube and centrifuged at 2800g for 10 min at 30 °C. The resulting supernatant
(total lipid extract - TLE) was transferred to a glass vial and the sample evaporated under a
stream of nitrogen to dryness. The resulting yellow film was stored at RT in the dark.

For ganglioside isolation, the TLE was resuspended in 1200 µL of diisopropyl ether and 800
µL 1-butanol. This mixture was sonicated in a bath sonicator for 10 min. The resulting
cloudy solution was transferred to a 13 × 100 mm glass culture tube. To the solution, 1 mL
of 50 mM sodium chloride was added. Following mixing with a Pasteur pipette, the
suspension was centrifuged at 2800g for 10 min at 30 °C to separate the two phases. The
upper (organic) layer was then removed. To the aqueous layer, 1200 µL of diisopropyl ether
and 800 µL of 1-butanol were added and mixed. Following centrifugation at 2800g for 10
min at 30 °C and removal of the organic layer; these last two steps were repeated once more.

For final purification, the remaining lipid mixture was loaded on a SepPak tC18 column
(0.3g size), washed and eluted. First, the column was prepared by several washing steps:
three washes with 2 mL of chloroform:MeOH:ddH2O (C:M:W, 2:43:55) were followed by
two washes with 2 mL of C:M (1:1) and lastly three more washes with 2 mL of C:M:W
(2:43:55). The sample was loaded onto the column and washed thrice with 2 mL of C:M:W
(2:43:55) followed by three washes with 2 mL of M:W (1:1). Finally, the gangliosides were
eluted in 2 mL of 100% MeOH. Ganglioside extracts were then transferred to a new 4 mL
glass vial and evaporated to dryness under a stream of nitrogen. The clear, white film was
stored at RT for further analysis.

A TLC chamber was pre-equilibrated with 140 mL of chloroform:MeOH:0.2% CaCl2(aq)
(85:45:10). The HPTLC plate (EMD Chemicals #115534, 20 × 20 cm, glass-backed plates,
silica gel 60 F254, 200 µm thickness) was pre-run and dried prior to sample loading to
improve resolution. The syringe used for loading samples was cleaned with C:M:W, 4:8:3.
Extracted ganglioside samples were redissolved in 50 µL C:M:W (2:1:0.1) and loaded onto
the HPTLC plate along with ganglioside standards and dried. The HPTLC plate was then
run in the chamber followed by drying under vacuum for 45 min.

To assess the presence of GM1a, the HPTLC plate was immersed in 0.5%
polyisobutylmethacrylate in hexanes (diluted from a stock solution of 2% in chloroform) for
2 min to fix the gangliosides to the TLC plate. The plate was then fully dried followed by
immersion in 1.0% BSA in DPBS for 30 min at RT. The plate was incubated with CTxB-
Alexa Fluor 488 conjugate (1:20,000 dilution of a 1 mg/mL solution) in DBPS for 50 min at
RT in the dark. The plate was washed briefly with DPBS, dried fully, and imaged by
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Typhoon with a 488 nm excitation laser and 520 nm emission filter. Global adjustments to
image contrast and brightness were performed using Adobe Photoshop.

To visualize all gangliosides, the above plate was resorcinol-stained. The plate was sprayed
with a resorcinol solution (0.1% resorcinol, 0.04% CuSO4 in hydrochloric acid: water (4:1)).
Following staining, the plate was thoroughly dried and sandwiched between two glass
plates, then incubated at ~100 °C for 15–20 min until bands were clearly visible. The plate
was imaged with white light using an Alpha Innotech FluorChem HD2 imager and global
adjustments to image contrast and brightness were made with Adobe Photoshop.

Cytosolic and membrane-bound sialic acid analysis by DMB derivatization
All reagents, chemicals, and general supplies were purchased and used as received from
Fisher Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
PVDF membranes were purchased from Millipore, Immobilon (Billerica, CA). For
chemiluminescent visualization, SuperSignal WestPico Chemiluminescent Substrate (ECL
reagent) was purchased from Pierce (Rockford, IL). Polycarbonate centrifuge tubes (11 × 34
mm) were purchased from Beckman (Brea, CA). The bicinchoninic acid (BCA) Protein
Assay Kit from Pierce was used to assess protein concentration. DMB was purchased from
Sigma Aldrich (we found other vendors’ products to be inferior). Amicon Ultra Centrifugal
Filters (0.5 mL; 10 kDa molecular weight cut-off (MWCO)) were purchased from Millipore.
Complete™ Protease Inhibitor Cocktail Tablet, EDTA-free were purchased from Santa Cruz
Biotechnology. Tris-buffered saline Tween-20 was used in blocking solutions (TBST: 10
mM Tris•HCl pH 8.0, 150 mM NaCl, 0.1% v/v Tween 20). The hypotonic lysis buffer was
composed of 10 mM Tris•HCl pH 7.3, 10 mM MgCl2, 1 mM EDTA, and 1 mM EGTA.

Jurkat cells were grown in the presence of sugars 1–6 as described above. Cells were
harvested after 72 h and the number of cells normalized to 5 million. Cells were washed
twice in 500 µL DPBS. Next, cells were swollen in hypotonic lysis buffer containing
protease inhibitors for 15 min on ice. Cells were lysed by extrusion through a 25 gauge
needle 30 times. Nuclei and unbroken cells were removed from the post-nuclear supernatant
by two rounds of centrifugation at 1000g for 15 minutes at 4 °C. Next, the post-nuclear
supernatant was transferred to heavy-walled polycarbonate tubes and centrifuged at
100,000g for 1 h in a Beckman TLA 120.2 rotor. The supernatant was designated the
cytosolic fraction. The pellet was washed twice with cold 400 µL hypotonic lysis buffer and
centrifuged at 100,000g for 1 h. The remaining pellet was designated the membrane fraction.
Samples were either flash-frozen and the solvent removed by vacuum overnight or saved to
assess fraction purity. To confirm that the membrane fraction was not contaminated by the
nuclear fraction, protein concentration was normalized and proteins were resolved by SDS-
PAGE. Proteins were then transferred to PVDF and probed for either lamin B (to identify
the nuclear fraction) or calnexin (to identify the membrane fraction). DMB-derivatization
(as described below) confirmed that no sialic acids were present in the membrane washes;
this ensured that that no soluble sialic acid (free sialic acid or CMP-sialic acid) remained in
the membrane fraction.

To release sialic acids, 50 or 100 µL of 2.0 M acetic acid was added for the membrane-
bound and dried cytosolic samples, respectively. Solutions were incubated at 80 °C for 2 h.
Samples were then cooled to room temperature. To the membrane-bound and cytosolic
samples, 40 or 80 µL of 7 mM DMB, 0.75 M 2-mercaptoethanol, 18 mM Na2S2O4, 1.4 M
acetic acid were added, respectively. The samples were then incubated at 50 °C for 2 h.
After this incubation period, 5 or 10 µL of 0.2 M NaOH was added to each membrane-
bound or cytosolic sample, respectively. Samples were then filtered in 10 kDa MWCO
filters by centrifugation and the resulting flow-through was stored at −20 °C, in the dark
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until used. The derivatives were analyzed by on-line fluorescence detection using reverse-
phase HPLC. Details are provided in the Supporting Information.

Mass spectrometry analysis of crosslinked CTxB-GM1a-SiaDAz(2me)
Photocrosslinking of CTxB-GM1a complexes was performed essentially as described
previously.13 The SAMDI mass spectrometry process was based on a literature procedure.18

Details are provided in the Supporting Information.

Results
Preparation of photocrosslinking compounds and control molecules

Previously, we reported the synthesis of Ac4ManNDAz(2me) (4), a precursor to
photocrosslinking sialosides.9 Using a similar synthetic scheme (Scheme S1 and details in
Supporting Information), we prepared two additional analogs, 5 and 6, in which the distance
between the pyranose ring and the photocrosslinker was extended (Figure 1). In all cases, we
prepared per-O-acetylated forms of the compounds. Acetylation of hydrophilic sugars
improves passive diffusion through the plasma membrane19 after which the acetyl groups
are presumably removed by nonspecific esterases within the cytosol.20

Further metabolism of the photocrosslinking compounds relies on the cells’ endogenous
machinery for biosynthesis of sialosides and the expression levels of each of the required
enzymes (Figure 2). ManNAc, the first committed intermediate in sialic acid biosynthesis, is
produced from UDP-GlcNAc by the action of the UDP-GlcNAc 2-epimerase. In addition,
human cells also encode a GlcNAc 2-epimerase that is capable of interconverting GlcNAc
and ManNAc, although the equilibrium favors the more stable GlcNAc.21 Theoretically, the
GlcNAc 2-epimerase could be capable of converting our photocrosslinking ManNAc
analogs to their GlcNAc counterparts, which might lead to photocrosslinker incorporation
into non-sialylated molecules such as O-GlcNAc-modified proteins or glycosaminoglycans.
To confirm that any crosslinking we observe is due to diazirine-modified sialosides, as
opposed to other possible diazirine-modified molecules, we use Ac4GlcNDAz(2me) (3), the
diazirine-modified analog of GlcNAc, as a control molecule. If crosslinking is observed with
4, but not with 3, we conclude that the crosslinking is through a diazirine-modified sialoside,
not another metabolite.

Maximizing sialoside production while minimizing growth inhibition
We sought to define conditions under which these new photocrosslinking ManNAc analogs
are efficiently metabolized to cell surface sialosides. In these initial experiments, we used a
cell line that is deficient in sialic acid production. BJA-B K20 cells are a subclone of the
BJA-B B-cell lymphoma cell line and are distinguished by their deficiency in UDP-GlcNAc
2-epimerase activity.22, 23 Because BJA-B K20 cells lack the enzymatic activity required to
convert UDP-GlcNAc to ManNAc, they cannot biosynthesize ManNAc or its metabolite
sialic acid (Figure 2) from the UDP-GlcNAc precursor. Like many other cells, BJA-B K20
cells are capable of scavenging sialic acids from the culture medium. However, due to their
inability to synthesize ManNAc, BJA-B K20 cells cultured in serum-free conditions fail to
produce sialosides. If a ManNAc analog is added to this deficient cell line, its metabolic
conversion to sialic acid can be assessed by quantifying the total amount of sialic acids
present in the cell. In addition to measuring sialoside formation in response to addition of
diazirine-modified compounds, we cultured BJA-B K20 cells with the per-O-acetylated
form of ManNAc (1), which we expect to be converted to sialosides effectively, and
quantified cell surface sialylation. We also measured sialoside production due to
Ac4ManNAz (2),17 an azide-modified analog that is metabolized to sialosides with high
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efficiency.24 Finally, we examined sialoside production in another BJA-B subclone, K88,
which maintains UDP-GlcNAc 2-epimerase activity and has a high sialylation phenotype.22

First, we assessed the effects of protected ManNAc analogs on cell growth. BJA-B K20
cells were cultured in serum-free medium with 1, 2, 3, 4, 5, or 6 at a range of concentrations,
from 10 µM to 300 µM, for 72 h, after which Trypan blue staining was used to assess cell
growth and viability. For all three photocrosslinking ManNAc analogs, increases in analog
concentration correlated with decreased cell numbers (Supporting Information, Figure S1).
The most dramatic example is the case of Ac4ManNDAz(4me), where 45% fewer cells were
observed when 300 µM compound was added to the culture, versus 10 µM compound. In
contrast, when cells were supplemented with Ac4ManNAz and Ac4GlcNDAz(2me), the
number of cells remained similar regardless of sugar concentration. Despite these different
trends, relatively little growth inhibition was observed for any compound added at 100 µM.
We also assessed cell viability using Trypan blue staining. We did not observe any
significant viability trends and the fraction of live cells was high (86–94%) for all samples
(Supporting Information, Figure S1). These data suggest that higher concentrations of the
unnatural sugar analogs are detrimental to cell growth but do not significantly affect cell
viability.

After assessing cell viability, we monitored the level of cell surface α2–6-linked sialic acids
resulting from supplementation with compounds 1–6. We used a fluorescently labeled
Sambucus nigra agglutinin (SNA) conjugate (SNA-FITC) to measure production of cell
surface α2–6-linked sialic acids. In the sialic acid-deficient BJA-B K20 cell line, essentially
all of the sialic acids are derived from the exogenous addition of ManNAc analogs.
Importantly, the SNA lectin tolerates deviations in the N-acyl side chain, so the diazirine
modification is not expected to affect SNA binding.25, 26 For cells treated with
Ac4ManNAc, cell surface α2–6-linked sialic acid increased robustly, even at 10 µM (Figure
3). Cells treated with Ac4ManNDAz(2me) and Ac4ManNAz also displayed relatively high
levels of cell surface α2–6-linked sialic acids. Conversely, to rise above the BJA-B K20
baseline level, cells cultures with Ac4ManNDAz(3me) or Ac4ManNDAz(4me) required
sugar concentrations of 50 or 100 µM. BJA-B K20 cells treated with Ac4GlcNDAz(2me)
showed no increase in cell surface sialic acid, indicating that conversion of GlcNDAz(2me)
to ManNDAz(2me) is negligible. These data, along with the growth data (Figure S1), led us
to choose 100 µM as an optimal concentration of photocrosslinking sugar to maximize
incorporation while minimizing growth inhibition.

N-acyl side chain length is negatively correlated with incorporation efficiency
To measure the total amount of cell surface photocrosslinking sialic acid, we used the
periodate oxidation and aniline-catalyzed oxime ligation (PAL) with flow cytometry
detection essentially as reported by the Paulson lab.27 In brief, photocrosslinking sugar-
supplemented cells were treated with sodium periodate to oxidize the polyol chain of cell
surface sialic acids to an aldehyde, a functional group that is otherwise absent from the cell
surface. We used an in vitro reaction to confirm that this oxidation reaction had no effect on
the diazirine functionality (Figure S2). Oxidized cells were incubated with an aminooxy-
biotin reagent in the presence of aniline catalyst, yielding cell surface sialic acids covalently
conjugated to biotin through an oxime linkage. Finally, streptavidin-DTAF was added,
yielding fluorescence labeling proportional to cell surface sialic acid. Fluorescence was
quantified by flow cytometry (Figure 4A).

After PAL labeling, those cells with an intact sialic acid pathway (BJA-B K88) showed a
much higher level of fluorescence than the BJA-B K20 cells that lack UDP-GlcNAc 2-
epimerase activity (Figure 4A). Similarly, in comparison to unsupplemented BJA-B K20
cells, there was a marked increase in fluorescence for those BJA-B K20 cells incubated with
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certain ManNAc analogs. Our results demonstrate a robust conversion of
Ac4ManNDAz(2me) to cell surface sialic acid, similar to the levels seen for Ac4ManNAc
and Ac4ManNAz. Conversion of Ac4ManNDAz(3me) to the corresponding sialosides was
demonstrated by the increase of fluorescence to slightly above baseline levels. Treatment
with Ac4ManNDAz(4me) did not yield a detectable increase in cell surface sialic acid. As
expected, cells treated with the Ac4GlcNDAz(2me) control molecule displayed little
difference from unsupplemented BJA-B cells, reflecting their inability to produce
ManNDAz(2me) from Ac4GlcNDAz(2me). These data are supported by results of a
resorcinol assay (described in the Supporting Information) used to determine levels of total
and glycoconjugate-bound sialic acids (Figure S3).

Photocrosslinking sialic acids are incorporated in a variety of glycans
After confirming that photocrosslinking ManNAc analogs are metabolized to cell surface
sialic acids, we next examined whether our analogs were incorporated as both α2–3-linked
and α2–6-linked sialic acids. We assessed the cell surface binding of lectins, proteins that
recognize specific sugar epitopes, by flow cytometry. We used labeled SNA28 and Maackia
amurenis lectin (MAL-II)29, 30 which recognize Sia α2–6Gal and Sia α2–3Gal, respectively.
For these experiments, BJA-B K20 cells were unsupplemented or cultured with 100 µM 1–
6, as described in the Supporting Information. Cells were washed and labeled with the
appropriate lectins and their fluorescence assessed by flow cytometry.

Unsupplemented BJA-B K20 cells bound SNA and MAL-II at low levels (Figure 4B and
4C), unlike the BJA-B K88 cells, which bound both lectins at high levels. Culturing BJA-B
K20 cells with Ac4ManNAc yielded a dramatic increase in SNA and MAL-II binding
whereas culturing the cells with Ac4GlcNDAz(2me) yielded no increase in lectin binding.
When BJA-B K20 cells were supplemented with the unnatural photocrosslinking ManNAc
analogs, only those cultured with Ac4ManNDAz(2me) showed significant levels of binding
to MAL-II, while cells cultured with either Ac4ManNDAz(2me) or Ac4ManNDAz(3me)
bound to SNA. No detectable increases in lectin binding were observed for cells cultured
with Ac4ManNDAz(4me).

Although published data suggest that N-acyl substituents to sialic acid do not affect SNA or
MAL-II binding,26 we remained concerned that the lack of sialoside production we observed
for the larger analogs could reflect lower affinity of the lectins to the modified sialic acids.
To provide complementary information on the degree of sialylation, we also tested the
binding of fluorescently conjugated lectins recognizing core glycan structures. The lectins
used were: Erythrina cristagalli agglutinin (ECA, specific for terminal LacNAc)31 and Helix
pomatia lectin (HPA, specific for terminal GalNAc).32 Addition of sialic acid would be
predicted to mask these core glycans, resulting in decreased lectin binding. Unsupplemented
BJA-B K20 cells were bound by ECA and HPA at high levels (Figure 4D and 4E); BJA-B
K88 cells bound the same lectins at lower levels. Culturing BJA-B K20 cells with
Ac4ManNAc yielded sharp decreases in ECA and HPA lectin binding. Cells cultured with
Ac4ManNDAz(2me) also displayed decreases in ECA and HPA binding, but cells cultured
with Ac4ManNDAz(3me) or Ac4ManNDAz(4me) did not show dramatic changes. Culturing
BJA-B K20 cells with Ac4GlcNDAz(2me) had no effect on ECA or HPA binding. Taken
together, our cell surface binding data provide strong evidence for the metabolism of
Ac4ManNDAz(2me) to both α2–6-linked and α2–3-linked sialic acids, and for the
metabolism of Ac4ManNDAz(3me) to at least α2–6-linked sialic acids. None of the flow
cytometry data provide definitive evidence for metabolism of 100 µM Ac4ManNDAz(4me)
to cell surface sialic acid.
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Photocrosslinking sialic acids crosslink a sialylated glycoprotein
To confirm the utility of our photocrosslinking sugar analogs, we captured a known sialic
acid-mediated protein interaction and visualized the complex by immunoblot. The sialic acid
binding IgG-like lectin (Siglec) CD22 is a protein that is not only modified by α2–6-linked
sialic acid but it also binds sialic acid attached to other molecules, including other copies of
CD22.10, 12 Several studies have demonstrated crosslinking of CD22 mediated by unnatural
sialic acids.9, 10, 12, 14 Here we monitored CD22 crosslinking in two different B cell lines:
BJA-B K20 and Daudi. Using BJA-B K20 cells in serum free media, we expected to observe
high levels of crosslinking, since the photocrosslinking sialic acid analogs do not need to
compete with endogenous sialic acid for incorporation into sialosides. We cultured cells in
the presence of the unnatural sugar analogs, photoirradiated the cells, and harvested the cell
lysates. Lysates were resolved by denaturing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to a polyvinylidine fluoride membrane (PVDF),
and probed for the presence of CD22.

Monomeric CD22 displays an apparent molecular weight of ~120 kDa; a shift to higher
molecular weight is indicative of production of a photocrosslinked product (Figure 5A). As
shown previously,9 we observed photocrosslinking of CD22 when cells were cultured with
Ac4ManNDAz(2me). Cells cultured with Ac4ManNDAz(3me) or Ac4ManNDAz(4me) also
produced crosslinked species, although the amount of photocrosslinked product was less.
Cells cultured with Ac4GlcNDAz(2me) produced no photocrosslinked product, consistent
with our hypothesis that photocrosslinking occurs through sialic acid, not other metabolites
of the diazirine-modified sugars. Importantly, appearance of the putative crosslinked species
was both UV- and diazirine-dependent. Lysates from cells that were not photoirradiated
produced no bands other than monomeric CD22 (Figure 5B). All blots were stripped and
reprobed for β-actin to demonstrate similar protein loading in every lane (data not shown).

The utility of photocrosslinking sialic acid analogs will be limited if they can only be used in
cell lines that are deficient in sialic acid synthesis. Therefore, we next tested whether the
larger photocrosslinking ManNAc analogs could engender sialoside crosslinking in cells that
contain endogenous sialic acid. For these experiments, we analyzed CD22 crosslinking in
the Daudi B cell line. When photoirradiated, only cells supplemented with
Ac4ManNDAz(2me) showed an anti-CD22 reactive band of increased molecular weight,
corresponding to crosslinked CD22 (Figure 5C). Lysates from Daudi cells cultured with
Ac4ManNDAz(3me) or Ac4ManNDAz(4me) did not display crosslinked CD22 even upon
long exposures, suggesting inadequate competition with endogenous sialic acid. Lysates
from Daudi cells not exposed to UV light did not reveal any crosslinked product (Figure
5D). Notably, Ac4GlcNDAz(2me)-treated cells produced no photocrosslinked product after
UV exposure. These data suggest that Ac4GlcNDAz(2me) is not metabolized to a
photocrosslinking sialic acid analog even though Daudi cells have UDP-GlcNAc 2-
epimerase activity and are therefore capable of converting UDP-GlcNAc to ManNAc.

Photocrosslinking sialic acids compete with Neu5Ac for incorporation into
glycoconjugates

Having obtained indirect evidence that at least one photocrosslinking sialic acid can
compete with endogenous sialic acids, we wished to quantify the efficiency of
photocrosslinking sialic acid metabolism. We conducted this assessment in the Jurkat T cell
line, because previous work indicated that sialic acid analogs can compete efficiently with
Neu5Ac in this cell line.24 We cultured Jurkat cells for 72 hours with 1, 3, 4, 5, or 6, then
harvested the cells and fractionated them into cytosolic and membrane components.
Cytosolic fractions should contain primarily free sialic acids and CMP-sialic acids, while the
membrane fractions contain sialic acids that have been incorporated into glycoconjugates.
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Each sample was subjected to mild acid hydrolysis to release ketosidically-linked sialic
acids and then treated with 1,2-diamino-4,5-methylenedioxybenzene (DMB) to fluorescently
derivatize the sialic acids. Separation by reverse phase HPLC and fluorescence
detection24, 33, 34 enabled us to quantify the ratios of sialic acids present in each sample (raw
data shown in Figures S4–S6).

Jurkat cells cultured in the absence of exogenous ManNAc analogs or in the presence of
compounds 1 and 3 contained a single form of naturally occurring sialic acid, Neu5Ac
(Table 1). Cells cultured with 100 µM Ac4ManNDAz(2me) also contained significant
quantities of a novel sialic acid species. Comparison of the retention time and mass to
standard molecules revealed that this species is the sialic acid metabolite of
Ac4ManNDAz(2me), which we name SiaDAz(2me). SiaDAz(2me) comprised a greater
portion of the total sialic acid in the cytosolic fraction (85%) than in the membrane fraction
(74%). As expected from the crosslinking data, larger sialic acid analogs were less
competitive with Neu5Ac. Supplementation with Ac4ManNDAz(3me) yielded another novel
peak, whose retention time and mass matched that of DMB-SiaDAz(3me) (19, Scheme S2),
but it comprised only about a third of the cytosolic sialic acid and less than 10% of the
membrane-associated sialic acid. We were unable to detect a sialic acid corresponding to
SiaDAz(4me) in the lysates from cell supplemented with Ac4ManNDAz(4me).

Taken together, the DMB derivatization data indicate that SiaDAz(2me) is efficiently
incorporated into sialic acid-containing glycoconjugates, effectively replacing up to 74% of
the cell surface Neu5Ac in Jurkat cells. Further, these results confirm that larger
photocrosslinking ManNAc analogs are less efficiently metabolized to sialic acid and to cell
surface sialosides. Finally, our data indicate that the photocrosslinking sialic acids are better
represented among cytosolic sialic acids than among membrane sialic acids.

N-acyl diazirine restricts ManNAc-GlcNAc crosstalk
Next, we wished to examine whether diazirine-modified ManNAc could be metabolized to
glycans other than sialosides. In cells, ManNAc is synthesized from UDP-GlcNAc by the
UDP-GlcNAc 2-epimerase. While the reverse reaction is disfavored, a second enzyme,
GlcNAc 2-epimerase, is capable of interconverting ManNAc and GlcNAc.21 Therefore, the
activity of GlcNAc 2-epimerase could potentially lead to incorporation of diazirine
crosslinkers into GlcNAc-containing glycans, rather than sialic acid-containing glycans. To
investigate this possibility, we cultured Jurkat cells with 100 µM Ac4ManNDAz(2me), 100
µM Ac4GlcNDAz(2me), or no exogenous sugar. After 72 hours, the cells were harvested
and lysed. Cell lysates were examined by high performance anion exchange chromatography
(HPAEC) to identify diazirine-containing nucleotide-sugar donors. As shown previously,35

Jurkat cells cultured with Ac4ManNDAz(2me) produce a new species, whose retention time
is slightly longer than that of CMP-Neu5Ac (Figure S7). This new species is UV-sensitive
and is therefore assigned as CMP-SiaDAz(2me). Notably the CMP-SiaDAz(2me) peak was
not observed in lysates from untreated Jurkat cells or from cells cultured with
Ac4GlcNDAz(2me). Next, we looked for evidence of UDP-GlcNDAz(2me) in the Jurkat
lysates. None of the lysates displayed a peak with a retention time matching that of synthetic
UDP-GlcNDAz(2me) (Scheme S3 and Figure S8). These results imply that the diazirine
crosslinker is specifically directed toward incorporation into sialosides and not into other
glycans.

Photocrosslinking sialic acids are incorporated into gangliosides
Our CD22 photocrosslinking experiments in BJA-B K20 cells indicated that the larger
photocrosslinking ManNAc analogs were metabolized to sialic acids and incorporated into
sialic acid-containing glycoproteins. We next tested if the new photocrosslinking sialic acids
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could also be incorporated into sialic acid-containing glycolipids, as has been shown for
other sialic acid analogs.13, 36–41 Briefly, Jurkat cells were cultured in the presence of sugars
1–6 for 72 hours. After harvesting the cells, a series of extractions were employed to remove
insoluble membrane components, proteins, phospholipids, and uncharged lipids.42, 43 Next,
the resulting ganglioside fraction was separated by high-performance thin layer
chromatography (HPTLC). The resolved sialylated lipids were detected using resorcinol
staining. Resorcinol selectively reacts with sialic acid to yield grey-blue bands; asialo
species appear brown. As we have observed previously,13 Jurkat cells produce multiple
gangliosides, identified as GD1a, GM1a, GM2, and GM3 based on their mobilities in
comparison to standards (Figure 6A). Due to two different fatty acid chain lengths, the
Jurkat gangliosides run in pairs. Resorcinol staining revealed a change in banding pattern for
only two samples, corresponding to cells supplemented with Ac4ManNDAz(2me) or
Ac4ManNAz (Figure 6A). Novel bands appearing in these lanes displayed Rf values higher
than those in the control lanes; we interpret the addition of these to correspond to the
production of diazirine- and azido-modified gangliosides, respectively. We previously
confirmed the identity of the SiaDAz(2me)-modified gangliosides by matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) MS analysis.13 Resorcinol staining did
not provide evidence for SiaDAz(3me) or SiaDAz(4me) incorporation into gangliosides.

CTxB-488 recognizes GM1a analogs modified by photocrosslinking sialic acids
We next interrogated the ganglioside composition of these lysates using Alexa Fluor 488-
labeled cholera toxin subunit B (CTxB-488) to probe the HPTLC plates. This analysis is
about 1000 times more sensitive than resorcinol staining (Figure S9). We found that
CTxB-488 efficiently bound natural GM1a in all Jurkat cell extracts (Figure 6B).
Importantly, CTxB-488 also recognized additional species in extracts from cells
supplemented with Ac4ManNDAz(2me), Ac4ManNDAz(3me), and Ac4ManNAz,
suggesting that SiaDAz(2me), SiaDAz(3me), and SiaNAz are each incorporated into GM1a
gangliosides. We did not observe CTxB-488 binding to any additional species in the lane
corresponding to Ac4ManNDAz(4me)-treated cells, indicating that GM1a-SiaDAz(4me)
was not produced at detectable levels or that the larger modification interferes with CTxB
binding. In addition to confirming unnatural ganglioside production, these results provide
evidence that CTxB can recognize and bind diazirine-modified ganglioside species.

Photocrosslinking sialic acid covalently traps the GM1a-CTxB complex
Previously, we showed that SiaDAz(2me)-modified GM1a could be crosslinked to CTxB.13

To determine if other diazirine-modified GM1a molecules could be used to covalently
capture a ganglioside-protein complex, we cultured Jurkat cells with per-O-acetylated
ManNAc analogs, incubated the cells with CTxB, and then irradiated the cells with 365 nm
light for 45 min. Cells were lysed using a Triton X-100-based lysis buffer and the proteins
separated by SDS-PAGE under reducing conditions. Separated proteins were transferred to a
PVDF membrane and probed for the presence of CTxB by standard protein immunoblotting
techniques. When Jurkat cells were cultured with Ac4ManNDAz(2me) and
Ac4ManNDAz(3me), we observed a new species whose mobility was slightly slower than
CTxB (~11.6 kDa), consistent with the covalent addition of a GM1a molecule (~1.5 kDa)
forming a ~13 kDa complex (Figure 7A). Surprisingly, a modest amount of this lower
mobility species was also observed in lysates from cells cultured with Ac4ManNDAz(4me)
or Ac4ManNAz, suggesting that both the poorly incorporated SiaDAz(4me) and the
inefficient crosslinker SiaNAz are each capable of mediating GM1a-CTxB crosslinking. In
contrast, lysates from cells cultured with no compound, Ac4ManNAc, or
Ac4GlcNDAz(2me) displayed a single band corresponding to unmodified CTxB. In
complementary experiments, we probed membranes for the presence of GM1a with
horseradish peroxidase-conjugated CTxB (CTxB-HRP). We observed GM1a present in all
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samples. For cells cultured with Ac4ManNDAz(2me), we also observed an additional
species that had a mobility consistent with crosslinked CTxB-GM1a-SiaDAz(2me) (Figure
7C). The intensity of the crosslinked band detected by CTxB-HRP is much less than that
observed in the anti-CTxB blot; the source of the difference is not clear, but may reflect the
fact that only a small fraction of GM1a is engaging in CTxB crosslinking, or that
crosslinked GM1a is not strongly recognized by CTxB-HRP. Given the low intensity of the
crosslinked CTxB-GM1a-SiaDAz(2me) detected by CTxB-HRP, it was not surprising that
we did not observe crosslinked bands in any other lanes. Importantly, cells that were not
exposed to 365 nm light revealed no formation of the CTxB-GM1a complex, demonstrating
that complex formation was UV-dependent (Figure 7B and 7D). Furthermore, samples from
Ac4ManNAc-treated cells do not reveal any species with increased molecular weight,
indicating that complex formation is dependent on the presence of a photo-reactive moiety.

To solidify our assignment of the CTxB-GM1a-SiaDAz(2me) complex, we used self-
assembled monolayer (SAM) with matrix-assisted laser desorption/ionization (MALDI)
time-of-flight mass spectrometry (denoted SAMDI-TOF-MS) analysis of cell lysates. A
detailed description of the analysis is provided in the Supporting Information. This
procedure directly immunoprecipitates the CTxB and CTxB-GM1a-SiaDAz(2me) species
onto the gold chip followed by molecular weight determination of the bound analytes.
Briefly, gold chips bearing NTA-based SAMs were first treated with NiSO4 to generate the
NTA/Ni2+ complex and then functionalized with His6-tagged protein G followed by a rabbit
anti-CTxB antibody.18 These antibody-treated chips were then incubated with cell lysates,
which were generated as described for the immunoblotting experiments. After washing the
SAM chips, α-cyano-4-hydroxycinnamic acid (CHCA) matrix was deposited on top of the
chips followed by MALDI-TOF MS analysis.

SAMDI experiments on lysates from cells cultured in the presence of Ac4ManNAc revealed
a molecular ion that corresponded to the singly charged monomeric CTxB (Figure 7E).44, 45

For the sample derived from cells cultured with Ac4ManNDAz(2me), a second molecular
ion at 1555 Da higher molecular weight was observed. This mass difference correlates
(within experimental error) to the addition of the GM1a-SiaDAz(2me) (1557 Da) to CTxB
(Figure 7F) and thus confirms the assignment of the covalently captured CTxB-GM1a-
SiaDAz(2me) species in the immunoblot (Figures 7A and 7C).

Discussion
Factors affecting conversion of photocrosslinking sugars to sialosides

Here we investigated the metabolism of three photocrosslinking ManNAc analogs of
varying sizes. We discovered that each of these compounds could be metabolized to their
sialic acid counterparts, incorporated into cellular sialosides, and employed to crosslink
sialoside complexes. Consistent with previous reports,11, 46, 47 we found that the size of the
N-acyl chain modification was inversely correlated with the metabolism efficiency. Indeed,
for the largest diazirine-modified sugar, detection of SiaDAz(4me)-containing
glycoconjugates was difficult: we were only able to infer their presence from the CD22
crosslinking that we observed in BJA-B K20 cells and the CTxB-GM1a crosslinking that we
observed in Jurkat cells. DMB derivatization of sialic acids present in the soluble,
cytoplasmic fraction revealed that N-acyl chain length discrimination is a feature of one or
more of the cytosolic or nuclear enzymes involved in converting the ManNAc analogs to
sialic acid and CMP-sialic acid analogs. This finding is consistent with previous reports that
ManNAc 6-kinase functions as a bottleneck for unnatural sialoside production.46 Indeed,
others have found that the use of sialic acid analogs, rather than ManNAc analogs, can offer
a strategy to bypass restrictions on the types of sialosides that can be produced.11, 48 In
addition, we observed that the fractional representation of the unnatural photocrosslinking
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sialic acids is lower in the membrane fraction, as compared to the cytosolic fraction. While
some of this difference might arise from a system that has not achieved equilibrium, we
hypothesize that it could also reflect additional discrimination against the unnatural sialic
acids, either at the level of transport of the CMP-sialic acids into the Golgi or tolerance for
the CMP-sialic acids by various sialyltransferases.

Metabolic production of unnatural sialosides typically relies on the exogenous addition of
ManNAc analogs, since the enzymes involved in the conversion of ManNAc to sialosides
(Figure 2) have a well-documented tolerance in their substrate specificity.8 Human cells can
synthesize ManNAc from UDP-GlcNAc, by the action of UDP-GlcNAc 2-epimerase, but
are also capable of directly interconverting ManNAc and GlcNAc, through the action of
GlcNAc 2-epimerase, provided that this enzyme is expressed.21 Therefore, GlcNAc analogs
could theoretically be converted to ManNAc analogs and, further, to sialosides. However,
none of our data indicated that Ac4GlcNDAz(2me) could be metabolized to SiaDAz(2me),
even in Daudi and Jurkat cells, which have UDP-GlcNAc 2-epimerase activity. Using
Ac4GlcNDAz(2me), we saw no evidence of photocrosslinked species (Figures 5 and 7), no
additional bands corresponding to a modified GM1a species (Figure 6), and no evidence of
SiaDAz(2me) by DMB derivatization. Moreover, our HPAEC data indicated that not only is
Ac4GlcNDAz(2me) not converted to CMP-SiaDAz(2me), but also that Ac4ManNDAz(2me)
is not converted to UDP-GlcNDAz(2me) (Figures S7 and S8). In contrast, when Bertozzi
and colleagues studied the metabolism of the smaller, azide-containing molecule
Ac4GlcNAz, they observed metabolism of GlcNAz to SiaNAz.49 Our results suggest that
large substituent found on Ac4GlcNDAz(2me) restricts entry into the sialic acid biosynthetic
pathway and may provide a way to minimize crosstalk between strategies aimed at
metabolic labeling of different classes of glycoconjugates. It is important to note that the
metabolic fate of ManNAc analogs may vary in different cell lines, depending on the
expression of different metabolic enzymes (Figure 2); we did not investigate those
expression levels here.

Relationship between incorporation and photocrosslinking efficiencies
Our initial hypothesis was that introducing a longer, flexible linker between the pyranose
ring and the diazirine might enhance crosslinking by allowing the crosslinker to sample a
larger space. We were unable to test this hypothesis directly, because we found that analogs
with longer linkers suffered from relatively poor metabolism to sialosides. Our data indicate
that all three photocrosslinking sugars – Ac4ManNDAz(2me), Ac4ManNDAz(3me), and
Ac4ManNDAz(4me) – are metabolized to effective photocrosslinking sialosides, but the
efficiency of metabolism limits the utility of the two larger compounds. We observed that
the largest photocrosslinking analog, Ac4ManNDAz(4me), yielded CD22 crosslinking in
BJA-B K20 cells, but not Daudi cells (Figure 5). Given the poor efficiency of SiaDAz(4me)
incorporation, we were surprised to observe CTxB-GM1a crosslinking in Jurkat cells that
had been cultured with Ac4ManNDAz(4me). This result indicates that the small amount of
SiaDAz(4me) that is incorporated into GM1a is effective at crosslinking to CTxB and
suggests that the diazirine crosslinker in SiaDAz(4me) is well-positioned for capturing this
particular sialic acid-mediated interaction. Also surprising was the modest CTxB-GM1a
crosslinking that we observed for Jurkat cells cultured with Ac4ManNAz. Although
Ac4ManNAz is metabolized readily and incorporated into glycoconjugates with high
efficiency,24 we did not expect to observe crosslinking, since alkyl azides are poor
photocrosslinking moieties.50

Targeting unnatural sialic acids to sectors of the sialome may prove challenging
Sialosides are a diverse set of molecules. Addition of sialic acid to glycoconjugates is
catalyzed by one of the twenty sialyltransferases encoded in the human genome.51, 52
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Although some functional redundancy exists within this family of enzymes, individual
members exhibit divergent substrate specificities. Sialyltransferases can add sialic acid to
both glycoproteins and glycolipids. Furthermore, sialic acids can be attached in α2–3, α2–6,
or α2–8-linkages to a wide variety of underlying glycan structures. Although there are many
examples of unnatural sugar incorporation into cellular sialosides,8 there has been no
systematic study to examine the unnatural substrate tolerance of individual
sialyltransferases. We wondered whether differences in sialyltransferase specificity would
enable selective incorporation of unnatural sialic acids into a particular subset of sialosides.
When we examined the incorporation of our three photocrosslinking sialic acid analogs, we
found that the overall incorporation levels mirrored the efficiency of incorporation into
glycolipids. Similarly, overall incorporation and incorporation into specific linkages and
onto specific glycans displayed the same trends. While Golgi-resident sialyltransferases may
collectively discriminate against diazirine-modified sialic acid analogs, none of the data
presented here suggest that individual sialyltransferases differ in their discrimination
patterns.

Achieving sialoside-specific incorporation may require other strategies. Turnover rates for
both glycoproteins and glycolipids can vary dramatically,53, 54 suggesting that the optimal
time for analysis of specific species may differ. Perhaps time-dependent metabolic labeling
experiments could offer a way to selectively introduce unnatural sialic acids into a particular
sector of the sialome. Alternatively, production of an orthogonal mutant sialyltransferase
and nucleotidesugar donor could also provide a directed incorporation strategy.

Conclusion
In summary, we described two new diazirine-modified sialic acid precursors, and compared
them to a previously reported molecule with respect their efficiency of incorporation into
sialosides and their ability to photocrosslinking two glycan-mediated interactions. All three
diazirine-modified sialic acid precursors were incorporated into both glycoproteins and
glycolipids. We found that the smallest diazirine-modified sialic acid precursor was most
efficiently metabolized and competing well with endogenous sialic acid, resulting in up to
74% of cell surface sialic acid being diazirine-modified. We observed that even poorly
incorporated analogs could function as crosslinkers. Metabolism of the largest diazirine-
modified sialic acid precursor was so poor that we could not quantify its incorporation level,
yet we could readily detect crosslinking of both sialylated glycoproteins and sialylated
glycolipids. Notably, our data suggested that photocrosslinking substituent interferes with
metabolic crosstalk between GlcNAc and ManNAc pathways, resulting in faithful
incorporation of the diazirine into only sialylated glycoconjugates. In addition to these
findings, we note that our ability to detect a crosslinked CTxB-GM1a complex by mass
spectrometry provides a blueprint for future efforts to use photocrosslinking for binding
partner discovery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Per-O-acetylated N-acyl hexosamines
The N-acyl side chains of ManNAc and N-acetylglucosamine (GlcNAc) analogs were
modified by the addition of a diazirine or an azide. Ac4ManNAc (1) is a protected form of
naturally occurring ManNAc. Ac4ManNAz (2) is an azide-containing analog that is
metabolized to sialosides with high efficiency 24. The names of the diazirine-modified
sugars (3–6) are derived from the number of methylene groups separating the carbonyl and
diazirine on the N-acyl side chain: Ac4GlcNDAz(2me) (3), Ac4ManNDAz(2me) (4),
Ac4ManNDAz(3me) (5), and Ac4ManNDAz(4me) (6).
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Figure 2. Metabolism of ManNAc and ManNAc analogs
Per-O-acetylated ManNAc analogs (boxed) diffuse across the plasma membrane after which
acetyl groups are cleaved by nonspecific esterases. R is -CH3 for naturally occurring
ManNAc. ManNAc and analogs can be converted to the corresponding sialosides by a series
of enzymatic transformations. Alternative possible fates for ManNAc analogs include
conversion to GlcNAc analogs and UDP-GlcNAc analogs that are precursors for other
glycoconjugates.
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Figure 3. Metabolism of compounds to cell surface α2–6-linked sialic acids
BJA-B K20 cells were treated with increasing concentrations (10, 50, 100, 200, and 300
µM) of Ac4ManNAc, Ac4ManNAc analogs, or Ac4GlcNDAz(2me). Cell surface α2–6-
linked sialic acid levels of BJA-B K88 and K20 cells were assessed by SNA-FITC binding,
as measured by flow cytometry. The standard deviation represents technical duplicate
samples. Two biological replicates of the experiment were performed, yielding similar data
(not shown).
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Figure 4. Cell surface sialic acid measured by flow cytometry
BJA-B K20 cells were grown in serum-free media supplemented with 100 µM 1–6. (A)
Total sialic acid detected by PAL; (B) Siaα2–6 galactose (Siaα2–6Gal) epitope detected by
SNA lectin; (C) Siaα2–3Gal epitope detected by MAL-II lectin; (D) unsialylated terminal N-
acetyllactosamine (LacNAc) detected by ECA lectin; (E) unsialylated terminal N-
acetylgalactosamine (GalNAc) detected by HPA lectin. Error bars represent the standard
deviation for three technical replicates.
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Figure 5. Photocrosslinking of Siglec CD22 in BJA-B K20 and Daudi cells
BJA-B K20 or Daudi cells were cultured with photocrosslinking sugars, photoirradiated, and
lysed. Lysates from BJA-B K20 cells cultured with diazirine-containing sugars and exposed
to UV light (A) or no UV light (B). Lysates from Daudi cells cultured with diazirine-
containing sugars and exposed to UV light (C) or no UV light (D). For all blots, β-actin was
used as a control to demonstrate similar levels of protein loading in every lane (data not
shown).
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Figure 6. HPTLC analysis of gangliosides extracted from cultured Jurkat cells
Jurkat cells were cultured alone or with 1–6. (A) The HPTLC plate was stained for sialic
acid using resorcinol. Jurkat cells produce a variety of gangliosides: GM3, GM2, GM1a, and
GD1a. The pattern of gangliosides changed upon introduction of unnatural sialic acid
precursors Ac4ManNDAz(2me) and Ac4ManNAz, but not other compounds. (B) The
HPTLC plate was probed with CTxB-488, which recognizes ganglioside GM1a. Naturally
occurring GM1a molecules are present in all ganglioside extracts. Additional species with
CTxB-488 reactivity (s✯) appeared when cells were cultured with Ac4ManNDAz(2me),
Ac4ManNDAz(3me), or Ac4ManNAz.
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Figure 7. Photocrosslinking sugar analogs covalently capture CTxB-GM1a interaction
Jurkat cells were cultured with or without sugar analogs 1–6 for 72 hours and then incubated
with CTxB for 45 min at 4 °C. Cells were photoirradiated, lysed, and the lysates separated
by reducing SDS-PAGE followed by protein transfer to PVDF membranes. UV-irradiated
(A) and non-UV-irradiated samples (B) were probed for the presence of CTxB (+) using an
anti-CTxB antibody. A slower mobility band has an apparent molecular weight consistent
with formation of a CTxB-GM1a complex (~13 kDa, *). The identity of the very low
molecular weight band (<10 kDa) is not known, but it appears to be related to a contaminant
in the CTxB preparation. UV-irradiated (C) and non-UV-irradiated samples (D) were probed
for the presence of GM1a (++) using CTxB-HRP. A slower mobility band has an apparent
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molecular weight consistent with formation of a CTxB-GM1a complex (~13 kDa, *).
Membranes were stripped and probed for β–actin to demonstrate equal protein loading in
each lane (not shown). (E) SAMDI-TOF MS spectrum of SAM-bound monomeric CTxB
species derived from cells cultured with Ac4ManNAc, incubated with CTxB, and
photoirradiated. (F) SAMDI-TOF MS spectrum of SAM-bound monomeric CTxB and
crosslinked CTxB-GM1a-SiaDAz(2me) derived from cells cultured with
Ac4ManNDAz(2me), incubated with CTxB, and photoirradiated.
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Table 1
DMB-derivatization of sialic acids reveals that SiaDAz(2me) and SiaDAz(3me) effectively
compete with endogenous sialic acid for incorporation into glycoconjugates

Jurkat cells were cultured with the indicated compounds, harvested and fractionated. Sialic acids were
derivatized by DMB and separated by reverse phase HPLC with fluorescence detection (see Figures S4–S6).
Peaks were integrated to derive the percentages of Neu5Ac and other sialic acids. Multiple values indicate
results from independent experiments. N.D. indicates that a peak corresponding to SiaDAz(4me) could not be
identified.

compound added fraction
analyzed

% of total sialic acid

Neu5Ac SiaDAz (2me,
3me, or 4me)

no added sugar
cytosol 100 0

membrane 100 0

Ac4ManNAc
cytosol 100 0

membrane 100 0

Ac4ManNDAz(2me)
cytosol 15 85

membrane 26 74

Ac4ManNDAz(3me)
cytosol 63, 70 37, 30

membrane 92, 96 8, 4

Ac4ManNDAz(4me)
cytosol 100 N.D.

membrane 100 N.D.
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