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Abstract

The copper-catalyzed azide-alkyne cycloaddition (CUAAC) reaction, optimized for biological
molecules in aqueous buffers, has been shown to rapidly label mammalian cells in culture with no
loss in cell viability. Metabolic uptake and display of the azide derivative of N-acetylmannosamine
developed by Bertozzi, followed by CUAAC ligation using sodium ascorbate and the ligand
tris(hydroxypropyltriazolyl)methylamine (THPTA), gave rise to abundant covalent attachment of
dye-alkyne reactants. THPTA serves both to accelerate the CUAAC reaction and to protect the
cells from damage by oxidative agents produced by the Cu-catalyzed reduction of oxygen by
ascorbate, which is required to maintain the metal in the active +1 oxidation state. This procedure
extends the application of this fastest of azide-based bioorthogonal reactions to the exterior of
living cells.
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Introduction

To understand the roles of proteins, DNA, RNA, lipids, and glycans in a wide variety of
cellular processes, imaging of biomolecules in their native environment using a
spectroscopic probe has become increasingly popular (1-3). For proteins, genetically
encoded tags such as GFP are routinely used. When smaller and less structurally perturbing
labels are required, the target protein can be endowed with a peptide sequence that is
selectively addressed with a small-molecule probe by either chemical or enzymatic reaction
(4-9). These and other examples of chemoselective labeling of biomolecules in vivo are
furthered by the development of bioorthogonal ligation reactions (10).

Cycloaddition reactions are attractive in this context, since they usually involve weakly
polarized reactants, minimizing undesired side reactions with biomolecules. Recent
examples include the reactions of strained olefins with nitrile oxides (11) or tetrazines (12),
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as well as unstrained olefins with photogenerated nitrile imines (13). Azide-based click
reactions (14) are particularly applicable, since the azide group is stable and easy to
introduce into biomolecules or probe molecules without dramatically changing their
functional properties. The Staudinger ligation with phosphine-esters and cycloaddition
reactions with strained cyclic alkynes have been used to excellent effect, led by Bertozzi and
coworkers (15-19), and augmented by others (20,21).

While ligand-accelerated catalysis allows the copper-mediated azide-alkyne cycloaddition
(CuAAC) reaction to achieve very high rates for in vitro bioconjugation reactions (22-24),
the Cu(l) catalyst is regarded as toxic and therefore incompatible with living cells. Since
both azide and alkyne groups (25-27) can be appended to biomolecules without altering their
function or metabolic processing, it would be very useful if the CUAAC reaction could be
adapted for this purpose. As a first step toward this goal, we describe here the application of
optimized CuAAC reaction conditions (24) to the rapid and efficient labeling of cell-surface
glycans on mammalian cells in culture.

Experimental Procedures

Cell-surface labeling of azido glycans on HeLa and CHO cells and imaging by confocal

microscopy

Cells were seeded at 1x10° cells/mL on glass bottom petri dishes (35 mm) and grown
overnight at 37 °C and 5 % CO, in growth medium (MEM medium containing 10% fetal
calf serum, 1% glutamine, and 1% penstrep) with or without 50 pM AcsManNAz for 2 days.
The medium was gently aspirated, and the cells were washed two times with 1 mL of DPBS.
In an eppendorf tube, CuSO,4 and THPTA in a 1:5 molar ratio were added to DPBS at 4 °C
containing dye-alkynes 1 or 2 (final conc. 25 pM) and aminoguanidine (final conc. 1 mM).
A freshly-prepared stock solution of sodium ascorbate (100 mM) was added to establish a
final ascorbate concentration of 2.5 mM. This reaction mixture was incubated on ice for 10
minutes at 4 °C before adding to the cells. After incubation at 4 °C for 1 or 5 minutes, the
cells were washed and fixed with a mixture of 3% paraformaldehyde, 0.3% glutaraldehyde
and 1 mM MgClI, in DBPS for 10 min at room temperature. Cell nuclei were stained by
adding 4',6-diamidino-2-phenylindole (DAPI). In between each step the slides were rinsed
three times with DPBS. Slides were mounted using Vecta Shield mounting medium (Vector
Laboratories, Burlingame, CA). Sections were imaged using a Biorad 2100 confocal
microscope with a 60x oil objective. Data were analyzed and images were created using
ImageJ (http://rsbweb.nih.gov/ij/). For dual labeling studies, the cells were washed twice
with 1 mL of growth medium after the labeling reaction and returned to medium containing
50 uM AcgManNAz for another 20 hours. Optimized conditions for cell-surface labeling
were 25 uM alkyne-488, CuSO4 (50 uM), THPTA (250 uM), aminoguanidine (1 mM), and
sodium ascorbate (2.5 mM) for 1 to 5 min in medium at 4°C.

Cell-Surface labeling of azido glycans on Jurkat cells with biotinylated conjugates

Jurkat cells were grown in RPMI medium containing 10% fetal calf serum, 1% glutamine,
and 1% penstrep with or without 10 uM Ac4ManNAz. Cells were collected using Enzyme-
free Hank's based Cell Dissociation Buffer, distributed in 200 uL portions at a concentration
of 5x106 cells/mL in the wells of a 96-well \-bottom shaped microtiter plate, pelleted
(1,500 x g, 3 min), and washed twice with 200 uL of labeling buffer DPBS. On a separate
96-well plate, premixed CuSO,4 and THPTA at a 1:5 molar ratio were added to DPBS at 4°C
containing biotin-alkyne 3 (final conc. 50 pM) and aminoguanidine (final conc. 1 mM). A
freshly-prepared stock solution of sodium ascorbate (100 mM, 2.5 uL) was added to
establish a final ascorbate concentration of 2.5 mM. The reaction mixture was incubated on
ice for 60 minutes before adding to the cells. After incubation for 5 minutes at 4 °C, the cells
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were washed two times with DPBS buffer containing 1 mM EDTA pH 8.0, 25 mM HEPES
pH 7.5 and 1% fetal bovine serum, fixed with 2% (v/v) formaldehyde in DPBS for 10 min at
room temperature, and resuspended in the same buffer containing FITC-streptavidin (1:250
dilution) for 20 minutes at 4 °C. Cells were analyzed using a FACS Calibur instrument (BD
Biosciences, Franklin Lakes, NJ). At least 10,000 events were collected. Experiments were
repeated at least twice, and triplicates of each sample were measured and data analyzed
using FlowJo 8.7.1 software (Tree Star, Inc, Ashland, OR).

Cell viability assay

Cells were incubated for 2 days in untreated medium or medium containing 10uM-50 uM
AcsManNAz on 96-well plates. The medium was gently aspirated, and the cells were
washed twice with 200 uL of DPBS. In an eppendorf tube, premixed CuSO,4 and THPTA at
5:1 ratio were added to DPBS at 4 °C containing aminoguanidine (1 mM) to the desired
copper concentrations. Sodium ascorbate (100 mM) was added to the final concentration of
2.5 mM. The reaction mixture was incubated on ice for 10 minutes at 4 °C before adding to
the cells. After incubation for 5 minutes, the cells were washed twice with the labeling
buffer, and returned to growing medium for 24 hours. An equal volume of premixed Cell
Titer-Glo Reagent from Promega was added, plates were shaken for 10 minutes at room
temperature, and luminescence was monitored.

Synthesis of Alexa Fluor derivatives

To a solution of the appropriate Alexa Fluor cadaverine (1.0 equivalent) in DMSO (final
concentration of 0.05 M) was added a solution of N-(4-pentynoyloxy)succinimide (10.0
equiv) and then N,N-diisopropylethylamine (10.0 equiv). The solution was stirred at room
temperature overnight in the dark, diluted in 9:1 water:acetonitrile, purified by reversed-
phase HPLC using water and acetonitrile, and lyophilized to a fine powder.
Electrosprayionization mass spectrometry (negative ion detection): Alexa 488-alkyne parent
ion [1eH*]™ (C30H27N4011S,) ™, caled, 683.1, found, 683.1; Alexa 568-alkyne parent ion
[2°H+]_ (C42H43N4011$2)_, calcd, 843.2, found, 843.2.

Results and Discussion

While many enzymes require copper, including cytochrome oxidase, Cu/Zn superoxide
dismutase, and lysyl oxidase (28,29), copper ions can be harmful to cells, mostly because
they catalyze the production of reactive oxygen species (ROS) from atmospheric oxygen.
Therefore, free Cu is essentially absent inside cells of aerobic organisms (30), but the overall
intracellular copper concentration is approximately 70 uM (31), all bound up as Cu' among
proteins that constitute a well-developed and highly conserved system for importing and
distributing this essential ion (32).

The Cu' oxidation state required for the CUAAC reaction is most often achieved and/or
maintained by the reduction of Cu'! with ascorbate. The Cu/ascorbate system is a prodigious
generator of oxygen radicals and other reactive species in air (33-38). We have previously
shown that a water-soluble derivative of the tris(triazolylmethyl)amine family of ligands
(39) intercepts reactive oxygen species generated in the coordination sphere of the metal and
accelerates Cu-mediated peroxide degradation (24). The additive aminoguanidine was also
shown to capture dehydroascorbate and its decomposition products before they can react
with protein side chains. The combined use of these two additives gave rise to a robust
protocol to label proteins, polynucleotides, and other biomolecules in aqueous buffers with
high yield and efficiency in the presence of air (24).
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The applicability of this protocol to live cells was tested by metabolic labeling using
peracetylated N-azidoacetylmannosamine (AcyManNAz), which is taken up and
incorporated into cell-surface sialylated (SiaNAz) glycans (Figure 1) (40-42). In order to
gauge the effect of THPTA on eliminating the toxicity of copper and sodium ascorbate,
HelLa, Chinese hamster ovary (CHO), and Jurkat cells were incubated at 4 °C with these
click reaction components. Preliminary exploratory experiments showed 5 minutes to be an
incubation period in which significant protective effects from the ligand could be observed,
and we knew from previous studies that the CUAAC reaction is fast enough to provide
extensive labeling in this amount of time. Longer incubations gave rise to increasing
cytotoxicity under most conditions. Thus, variations in Cu and ligand concentrations were
explored for five-minute incubations, after which the cells were washed, placed back in
media for 24 hours at 37 °C and 5% CO,, and then assessed for viability (Figure 2). In each
case, the Cu/ligand/ascorbate mixture was allowed to stand for 10 minutes before
introduction to the cells in order to allow the catalyst to quench the ROS and peroxide
species generated in the reduction of dissolved oxygen (24).

As expected, in the absence of ligand, increasing copper concentration induced increased
cell death for each cell type. Growth in the presence of the azido-sugar made the cells
significantly more sensitive to Cu-ascorbate (Figure 2A vs. B, D vs. E,F), presumably
because the health of the cells or integrity of the membrane is compromised by the
incorporation of the non-natural glycan, or because the added Cu complex somehow
engages the surface azide groups to the cell's detriment. The latter possibility is unlikely
given the fact that organic azides are not consumed by treatment with Cu! complexes in the
absence of terminal alkynes. The ligand proved to be largely protective: THPTA reversed
the toxic effect of Cu-ascorbate effect in a dose-dependent manner, a 5:1 ligand:Cu ratio
preserving the viability of all cell types at each Cu concentration tested (Figure 2). This is
consistent with the previous observations concerning the ability of the ligand to intercept the
formation of oxygen radicals with maximum efficiency (24).

Treatment of the Acy;ManNAz-treated cells with dye-alkynes under the above CUAAC
conditions resulted in extensive labeling, as shown in Figures 3 and 4. We chose to perform
the CUAAC reactions at 4°C to eliminate internalization of cell-surface species during this
process and inhibit energy-dependent internalization of reactants. As has been previously
described for in vitro bioconjugation reactions (24), the Cu'sTHPTA system functions best
at 50 uM Cu or greater, showing much greater labeling of SiaNAz-bearing CHO and HelLa
cells than 25 puM (Figure 3C vs. B, G vs.F). A reaction time of just one minute gave
substantial labeling but five minutes was far better (Figure 3G vs. H). In each case, evenly-
distributed labeling over the cell surface was observed, consistent with the expected
distribution of the azido sugar throughout the exterior of the cell membrane. The viability of
the cells 24 hours after labeling was confirmed as above, with the same results of complete
protection against ROS-induced toxicity in the presence of 5 equivalents of THPTA ligand.
As shown in panel D, CHO cells returned to the growth medium for 24 hours after labeling
showed the dye distributed in the cell interior, reflecting the expected internalization of the
sialylated proteins.

The same pattern was observed in HeLa cells, which were further characterized by a two-
color sequential labeling experiment. HeLa cells grown for 48 h in the presence of
AcsManNAz were labeled with Alexa-488 alkyne 1 at 4 °C, washed, and returned to growth
media containing the azido sugar for 24 h to install additional SiaNAz residues. The cells
were then labeled a second time with Alexa-568 alkyne 2, and imaged, with the results
shown in Figure 3J-L. After 24 h, the initially-labeled (green) sialic acid residues had
trafficked largely to the inside of the cells, whereas the freshly-labeled (red) sugars were
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distributed on the cell surface. These results suggest that the labeling protocol does not
significantly perturb glycan trafficking on the time scale of the experiment.

The non-adherent Jurkat cells were analyzed by flow cytometry after the same labeling
procedure described above. AcsManNAz proved to be toxic to these cells at 50 uM, and
cells grown in the presence of 25 uM of the sugar were more sensitive to copper than others
(Figure 2F). Labeling studies where therefore performed after growth in the presence of 10
uM AcsManNAz. The cells were labeled by CuAAC reaction with biotin alkyne 3, and the
label was subsequently detected with a fluorescein-streptavidin conjugate (see Experimental
Section). As shown in Figure 4, labeling was most effective with 50 uM Cu, and,
surprisingly, the ligand could either be omitted or used in equimolar amounts with respect to
Cu to achieve maximum signal. In the case of this two step assay, however, the relationship
between output signal and the degree of surface labeling may not be direct. In any case, cell
labeling and viability were both excellent.

We demonstrate here a robust and general method for the surface labeling of live cells in
culture using the CUAAC click reaction. The toxicity commonly attributed to copper results
from the production of reactive oxygen species by Cu, ascorbate, and atmospheric oxygen.
The important features of the cell labeling protocol are the use of a water-soluble
accelerating ligand (THPTA) that also acts as a sacrificial reductant for oxidative species as
they are produced in the coordination sphere of the metal and aminoguanidine to intercept
strongly electrophilic byproducts of dehydroascorbate. The rapid nature of the reaction that
allows for efficient labeling in a short time, preserving cell viability.
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Figure 2.

Viability of mammalian cells after Cu-ascorbate treatment ([CuSOg4] and [THPTA] as
indicated, [Na ascorbate] = 2.5 mM, DPBS, 4 °C, 5 minutes), followed by washing in buffer
and incubation in growth media for 24 h. Cell viability was determined by CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Madison, W1).(43) (B,C,E) Cells were grown
for two days in the presence or absence of AcsManNAz, as indicated, before Cu treatment.
Error bars indicate standard deviation from the averaging of results from at least three
independent experiments.
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Figure 3.
Representative labeling of cells (grown in the presence of 50 uM AcsManNAz for 48 h)

with the indicated dye-alkynes (25 pM), in the presence of Cu catalyst (5 equiv. THPTA, 2.5
mM Na ascorbate, 1 mM aminoguanidine), in PBS pH 7.4 at 4 °C. The CuAAC reaction
was conducted for 5 minutes unless otherwise noted, followed by washing in buffer and
fixation for confocal microscopy imaging after incubation in fresh media for 15 minutes
(except for panel D, for which the cells were incubated for 24 h before fixation and
imaging). Nuclei were stained with DAPI (blue). Panels A, E, and | show the result of
CuAAC labeling treatment with 1 on cells lacking the azido sugar, showing that non-
specific adsorption or labeling with dye does not occur. The procedure for labeling of cells
shown in panels J-L is described in the text. All images are 155 by 155 microns.
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Figure 4.

Flow cytometry analysis of Jurkat cells, pre-incubated for 48 h in growth medium
containing 10 uM AcysManNAz, and then labeled with 3 (50 uM) under standard conditions
(CuSO4 and THPTA at the indicated concentrations, 2.5 mM Na ascorbate, 1 mM
aminoguanidine, in DPBS, 4 °C, 5 min). (A) All samples were analyzed in triplicate; 10,000
events each were recorded in each case, and representative histograms are shown. (B) Mean
fluorescence intensities with error bars representing standard deviations (statistical analysis
performed using FlowJo software 8.7.1).
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