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ABSTRACT: In this communication, we report a new class of
cleavable linker based on automatically synthesized, single-
stranded DNAs. We incorporated a DNA oligo into an azide-
functionalized biotin (biotin-DNA-N;) and used the probe to
enrich for alkyne-tagged glycoproteins from mammalian cell
lysates. Highly efficient and selective release of the captured
proteins from streptavidin agarose resins was achieved using
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DNase treatment under very mild conditions. A total of 36 sialylated glycoproteins were identified from the lysates of HL60 cells,
an acute human promyeloid leukemia cell line. These sialylated glycoproteins were involved in many different biological
processes ranging from glycan biosynthesis to cell adhesion events.

Since the discovery of the Cu(I)-catalyzed azide—alkyne
cycloaddition (CuAAC)"* and the strain-promoted
copper-free click chemistry,”® bioorthogonal click chemical
reactions have become indispensable tools for the identification
of post-translationally modified proteins and for activity-based
protein profiling (ABPP).> To identify proteins that are post-
translationally modified, azide or alkyne tags are introduced
into the target protein Opools either metabolically’™® or via
enzymatic approaches.”'® In the second step, affinity probes,
e.g, biotin, functionalized in a complementary fashion, are
ligated, allowing for affinity capture, e.g, by immobilized
streptavidin, and subsequent mass spectrometry analysis. This
method has been successfully applied to the identification of
proteins that are glycosylated,"" lipidated,'” and methylated"?
among many other modifications. In the scenario of ABPP, an
activity-based probe functionalized with the azide or the alkyne
is used to label target proteins covalently either in living animals
or in crude cell lysates.'* The labeled proteins are then enriched
and identified in an analogous manner to the former case.'>'®

Although a number of elegant strategies have been developed
to introduce azide or alkyne tags into target proteins for
bioorthogonal ligation with biotin probes and affinity capture
with immobilized streptavidin, relatively less effort has been
devoted to the development of methods for the selective
elution of the captured proteins from the resins. Due to the
tight binding affinity of biotin to streptavidin (K; ~ 107'° M),
the release of biotinylated species from streptavidin agarose
resins requires harsh, denaturing conditions, ie., boiling the
resins at 100 °C in sodium dodecyl sulfate (SDS) buffer. Under
these conditions, contaminated proteins binding to immobi-
lized streptavidin through nonspecific, hydrophobic interactions
and proteins that are endogenous biotinylated are coeluted,
which complicates the downstream mass spectrometry analysis.
To address this issue, new probes have been designed that
incorporate a cleavable linker into the azide- or the alkyne-
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functionalized biotin in the format of an “azide/alkyne-
cleavable linker—biotin”. Applying these probes to the click
chemistry-based proteomics, target proteins can be selectively
released from the immobilized streptavidin by cleaving the
linker. A few cleavable linkers that have been developed exploit
their sensitivities toward protease-,17 pH-,18 redox,"®" and
photo-mediated cleavage conditions,"®*° respectively. However,
most of these strategies are complicated either by stringent
cleavage conditions or multistep chemical synthesis. For
example, the reduction of azobenzene-based linkers with
sodium dithionite is both pH- and air-sensitive, affording low
cleavage efficiency under typical reaction conditions.'® Also, the
construction of ortho-nitrobenzene-based photosensitive
probes requires nine linear step synthesis, and the nitro-
soaldehyde byproduct formed upon photolysis is reactive
toward polypeptides.”' Such complications set hurdles for the
adaptation of these methods for routine proteomic analysis in
biology-oriented laboratories.

Here, we report a new type of cleavable linker based on
automatically synthesized, single-stranded DNAs and its
application to bioorthogonal chemical proteomics (Scheme
1). We incorporated a DNA oligo into an azide-functionalized
biotin (biotin-DNA-N;) and used the probe to enrich for
alkyne-tagged glycoproteins from mammalian cell lysates.
Highly efficient and selective release of the captured proteins
from streptavidin agarose resins was achieved following DNase
treatment at 37 °C.

To integrate a single-stranded DNA into biotin-Nj to form a
cleavable probe, we used biotin-modified controlled pore
glasses (CPG) as the solid support to introduce nucleotide
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Scheme 1. DNA Oligo-Based Cleavable Linker for the CuAAC-Based Bioorthogonal Proteomics
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Scheme 2. Synthesis of Biotin-DNA-N; on the Solid Phase CPG”
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“Reagents: (a) solid phase synthesis using Ac-dC-CE (f-cyanoethyl) Phosphoramidite, dA-CE Phosphoramidite, dT-CE Phosphoramidite, dG-CE
Phosphoramidite; (b) solid phase synthesis using $’-Bromohexyl Phosphoramidite; (c) NaN,/Nal; (d) CH;NH,/NH,OH.

building blocks sequentially via a DNA oligonucleotide
synthesizer (Scheme 2). The DNA oligo was designed to
bear no predictable secondary structure and to have a length of
20 nucleotides, ensuring efficient cleavage by DNase when the
biotin probe was captured on streptavidin agarose resins. The
oligonucleotide was then capped by reacting with 5'-
bromohexyl phosphoramidite. Substitution of the bromide
with an azide was realized by reacting with NaNj. The resulting
biotin-DNA-N; was then eluted from the CPG solid support
and purified with a NAP-10 column (Figure SI in the
Supporting Information).

With the cleavable biotin-DNA-N; probe in hand, we first
tested its compatibility with CuAAC coupling conditions. It is
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well-known that reactive oxygen and nitrogen species generated
from the canonical CuAAC system, i.e., CuSO,-SH,O + tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl J]amine (TBTA) + sodium
ascorbate, could induce the breakdown of polynucleotides.”>**
Therefore, we adopted the new CuAAC catalyst system, i.e.,
CuSO,-5H,0 + 3-(4-((bis((1-tert-butyl)-1H-1,2,3-triazol-4-yl)-
methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)propan-1ol
(BTTP) ([BTTP]:[Cu] = 4:1) + sodium ascorbate, recently
developed in our laboratory.”* The new catalyst system showed
excellent activity in protein labeling studies, especially in
conjugate reactions with negatively charged species (e.g., FLAG
peptide—DYKDDDDK). Based on this precedent, we reacted
the biotin-DNA-Nj; probe with an alkyne-modified Fluor 488
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Figure 1. (a) Biotin-DNA-N; was reacted with 488-alkyne in the presence of BTTP/Cu(I), followed by incubation with or without (control)
streptavidin agarose resins. After resins were removed, supernatant was transferred into a 96-well microtiter plate to quantify the residual
fluorescence using a fluorescence plate reader (excitation 495 nm/emission 520 nm). (b) Silver-stained gel image showing specific release of the
captured BSA from streptavidin agarose resins. Jurkat cell lysates containing the alkyne-modified BSA were reacted with biotin-DNA-Nj or biotin-N;
in the presence of the BTTP/Cu(I) catalyst. Following incubation with streptavidin agarose resins, BSA was released from resins by benzonase (lane
1) or by boiling resins in SDS buffer (lane 3). After the bezonase treatment, resins were boiled in SDS buffer to release residual proteins for SDS-
PAGE analysis (lane 2). The black arrows indicate the dimeric and monomeric BSA (BSA dimerization is irreversible between pH 4.2 and 7.0 even
after treatment with DTT).”® The red arrows indicate contaminated proteins binding to immobilized streptavidin through nonspecific, hydrophobic

interactions or proteins that are endogenously biotinylated.

dye (488-alkyne) in an 8:1 ratio in the presence of the BTTP-
Cu(I) catalyst, mimicking the condition of labeling biomole-
cules with limited quantities. After one hour, the reaction
mixtures were divided into three portions. Portion 1 was
subjected to HPLC analysis, which showed near-quantitative
dye-conjugation without breakdown of the DNA strand (Figure
S2 in the Supporting Information). Subsequently, portion 2 was
incubated with streptavidin agarose resins. Following centrifu-
gation to precipitate the resins, the supernatant was transferred
to a 96-well microtiter plate to measure the residual
fluorescence of the uncaptured dye. As shown in Figure la,
the reaction mixture that was treated with streptavidin agarose
resins only showed ~10% fluorescence intensity as compared
to that of the control (portion 3), suggesting that 90% of 488-
alkyne was successfully reacted with biotin-DNA-N; and
captured by streptavidin agarose resins. Therefore, the
CuAAC condition has no apparent adverse effects on the
DNA linker.

We then analyzed the site-specific cleavage of the DNA linker
by DNase. We captured biotin-DNA-488, the reaction product
of the biotin-DNA-N; with 488-alkyne, on streptavidin agarose
resins, and performed on-bead digestion with benzonase, a
commercially available recombinant endonuclease. The cleaved
product of biotin-DNA-488 was subjected to LC/MS analysis.
Two major peaks (al and a2) were observed in the LC trace
showing absorbance at 488 nm corresponding to the two
regioisomers of the 488 dye (Figure 2a). Their masses were
consistent with the mass of 488—5'GT-3’, suggesting that the
majority of the cleaved product of biotin-DNA-488 by
benzonase bears two nucleotides “GT” (Figure 2b,c). Since
the digestion of DNAs by benzonase is not sequence-
dependent, a small fraction of the cleaved product contains
nucleotide fragments other than “GT”, as shown in Figure 2a
(a3 488—5'GTAA-3’ and a4 488—5'GTA-3'). Because
digestion of DNAs by a restriction endonuclease would
guarantee a higher specificity of cleavage, we then performed
on-bead digestion of biotin-DNA-488 with the restriction
endonuclease Pvull that recognizes the CAGCTG sequence in
the DNA linker after annealing biotin-DNA-488 with its
complementary DNA strand. LC/MS analysis showed the site-
specific cleavage and the formation of two regioisomers of
488—5'GTAACGATCCAG-3' (Figure 2d—f).
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Next, we designed a proof-of-principle experiment to test the
efficiency of the biotin-DNA-N; probe to capture a single
alkyne-tagged protein from a complex protein mixture. We
introduced a single terminal alkyne group into cysteine34 of
bovine serum albumin (BSA)>® and mixed it with the lysates of
Jurkat cells, a human T lymphocyte cell line, in a 1:6 weight
ratio as a model system. The protein mixture was reacted with
the biotin-DNA-Nj probe in the presence of the BTTP/Cu(I)
catalyst, followed by the enrichment with streptavidin agarose
resins. The captured BSA was then released from resins by
incubation with benzonase in Tris buffer (pH 7.5) for two
hours at 37 °C. After three washes, the resins were further
boiled in SDS buffer to release residual proteins that were
resistant to the benzonase cleavage. In parallel, the same
protein mixture was reacted with biotin-N; and then incubated
with streptavidin agarose resins. The captured BSA was released
from resins by boiling in SDS buffer. The samples released from
both experiments were collected and resolved by SDS
polyacrylamide gel electrophoresis (SDS-PAGE). As shown in
Figure 1b, comparable levels of BSA were detected in eluents
obtained from benzonase cleavage and boiling-only treatment
with significantly more contaminant proteins detected in the
boiling-only eluents.*® Notably, no residual BSA was detectable
in the fraction obtained from benzonase-followed-by-boiling
double treatment, indicating the elution with benzonase was
complete (Figure 1b and Figure S3 in the Supporting
Information). Taken together, this experiment demonstrated
that biotin-DNA-Nj is an efficient and selective probe to enrich
alkyne-functionalized proteins from complex mixtures and the
cleavage of this probe can be achieved under mild conditions.

After verifying the specificity and the compatibility of the
biotin-DNA-N; probe with the optimized CuAAC conditions,
we then applied the probe to the enrichment of sialylated
glycoproteins from HL60 cells for their identification. The
cultured HL60 cell is an acute human promyeloid leukemia cell
line that has been widely used for the study of the molecular
events of myeloid differentiation and the impact of pharmaco-
logic and virologic agents on this process.”” Due to well-
documented roles of the negatively charged sialic acid in
cellular adhesion and the regulation of the growth and
differentiation of hematopoietic progenitor cells, HL60 cells
have also been used extensively for the study of sialylated
glycoconjugates in these processes.”® To our surprise, however,

dx.doi.org/10.1021/bc400093x | Bioconjugate Chem. 2013, 24, 859—864



Bioconjugate Chemistry

Communication

a) mAy
peak a2
5 peakal |/
peak a3 and a4 kY |
10 Mgy
0- o _ i S O | A
4 6 8 10 12 14 16 18
Time (min)
b)Eg ™~
£ 80 @ [M-2H) ~
- @ o
560 B
2 [M-H]
540
Z
£20
[ S ERESETe) 1 l oo S bl Mt 1 4b
500 700 900 1100 1300
miz
c) ™~
3 [
580 BIM-2HP =
k=
=
ésu E@
%40 [M-H]
2
220
- I - g :
500 700 900 1100 1300
miz
d) mA
40
peak\d1\
20
0% e —— —————— = et
4 6 8 10 _ 12 14 20
Time {min)
ey | 2 ~IM-5H+Na*
£801 = | /[M-8H+2Na]*
8 | [M-4HJ ‘6{&’[M—7H+3Na]"
360 CRE - [M-8H+4Na}"
ﬁ405 :“4'9"5’_[ i G
N T
220 ‘
e | : | " || Ll
1060 1080 1100 1120 1140 1160 1180
miz
N, s IM-HENal
8 M-4HJ 22 —[M-6H+2Na]*
§80 M4 eo s TN rrsanar
ESU -«-9-0:51 ,.N‘,é [M-8H+4Na]*
| T
:40 'll-g
F20 ‘ '
1]
a |
2 I l|Ji| T. | ) )
1060 1080 1100 1120mJrz 1140 1160 1180

Figure 2. LC/MS analysis of the cleaved products of biotin-DNA-488
by benzonase (a—c) and Pvull (d—f). (a) HPLC trace with absorbance
at 488 nm. Two major peaks (al and a2) and two minor peaks (a3 and
a4) were observed as indicated with arrows. (b) MS spectrum of peak
al. (c) MS spectrum of peak a2. The MS spectra of both peak al and
peak a2 indicate that the major cleaved product of biotin-DNA-488 is
488—5'GT-3' (Chemical Formula: CsgH;N,30,,P,; molecular weight
1364.22). (d) HPLC trace with absorbance at 488 nm. Two major
peaks (d1 and d2) were observed as indicated with arrows. (e) MS
spectrum of peak d1. (c) MS spectra of peak d2. The MS spectra of
both peak d1 and peak d2 show that the cleaved product of biotin-
DNA-488 is 488—S'GTAACGATCCAG-3’ (Chemical Formula:
Cy56H,94N5, 0P ,; molecular weight 4445.25).

the proteomic-wide profiling of sialylated glycoproteins in this
cell line has never been pursued.

To profile the sialylated glycoproteins in HL60 cells, we
cultured the cells in media supplemented with peracetylated N-
(4-pentynoyl) mannosamine (Ac,ManNAl), an alkyne-tagged
metabolic precursor of sialic acid (Figure 3a).” The unnatural
monosaccharide allows the metabolic incorporation of the
alkyne tag into membrane sialylated glycoproteins (Figure S4
and SS in the Supporting Information). After three days, cells
were lyzed. Cell lysates were reacted with the biotin-DNA-Nj;
probe before incubation with streptavidin agarose resins for
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Figure 3. (a) Metabolic labeling of sialic acid using the unnatural sugar
Ac,;ManNAL Cells were cultured in medium containing Ac,ManNAL
Acy,ManNAI was taken up by cells, processed by a series of cellular
enzymes, and converted to the alkyne-modified sialic acid and
incorporated into cell-surface sialylated glycoproteins. (b) Classifica-
tion of the 36 sialylated glycoproteins identified in HL60 cells.

affinity enrichment (Scheme 1). To elute the captured
glycoproteins, the resins were incubated with benzonase in
Tris buffer (pH 7.5) at 37 °C for eight hours. The eluted
proteins were resolved using SDS-PAGE. Following in-gel
trypsin digestion, the resulting peptide fragments were analyzed
using LC-MS/MS.

Data analysis from two sets of repeated experiments revealed
a total of 36 hits from lysates obtained from the cells treated
with Ac,ManNAl but not those from untreated counterparts
(Table S1 in the Supporting Information). Among these
proteins, many are known to be sialylated, including integrin,
intercellular adhesion molecule 3, and leukosialin among a few
others. We discovered that eight identified proteins are known
to reside in the membrane of the endoplasmic reticulum or
Golgi apparatus and are involved in the biosynthesis of N-
linked glycans or in glycan metabolism (Table 1). Most other
proteins are located in the plasma membrane; they either serve
as cell-surface receptors or transporters or participate in
metabolic processes (Figure 3b).

In summary, we discovered here that single-stranded DNAs
serve as a new type of cleavable linkers for the CuAAC-based
proteomic analysis. When integrated into biotin probes, linker
cleavage and release of captured proteins was accomplished
with high efficiency in very mild conditions. Using this new
probe, we were able to identify 36 sialylated glycoproteins from
the lysates of HL60 cells that are involved in many different
biological processes ranging from glycan synthesis to adhesive
events. By replacing benzonase with a restriction endonuclease,
site-specific cleavage of the probe was realized, which is crucial
for the integration of this new technique into proteomics
studies that require the identification of post-translational-
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Table 1. Examples of Identified HL60 Proteins That Are Known to Be Sialylated or Found in the ER or Golgi

protein
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1
precursor
Integrin beta-2
Isoform 1 of UDP-glucose:glycoprotein glucosyltransferase 1

Peptidyl-prolyl cis—trans isomerase B

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3A
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B
Isoform 2 of Neutral alpha-glucosidase AB
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2
Endoplasmin

Leukosialin (CD43)

Isoform Beta-1C of Integrin beta-1

Intercellular adhesion molecule 3

accession

number protein function
1P100025874  N-oligosaccharyl transferase (ER)
1P100291792 ICAM receptor
IPI00024466 reglucosylation of misfolded proteins (ER)
1P100646304 cis—trans isomerization of proline imidic peptide bonds

(ER)

1P100297492 N-glycosylation (ER)
IPI00152377  N-glycosylation (ER)
IPI00011454  glycan metabolism (ER/Golgi)
1P100028635  N-glycosylation (ER)
IP1I00027230 ~ Molecular chaperone (ER)
IP100027430 Presents carbohydrate ligands to selectins
IP100217561 laminin receptor
IPI00031620  laminin receptor

modification sites. Taking advantage of the automatic and
commercially available synthesis of single-stranded DNAs, the
integration of this cleavable linker into other affinity probes for
proteomics, e.g, FLAG probes, would be a straightforward
application.
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Detailed experimental procedures and proteomics data. This
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